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Motivated by solving the issues associated with welding of high hardness grade 
quenched and tempered (Q&T) steel and stainless steel dissimilar joint, such as low 
production efficiency and low joint efficiency, several advanced welding techniques 
have been introduced. However, none of them has solved the issue completely due to 
their respective disadvantages. Keyhole Tungsten Inert Gas (K-TIG) welding process 
was invented in order to provide a cost-effective and easy-to-operate keyhole mode 
welding process. It is much more productive and efficient than conventional multi-pass 
fusion welding processes. Compared with high power density (HPD) welding processes, 
say laser beam welding (LBW), electron beam welding (EBW) and plasma arc welding 
(PAW), it is cheaper, easier to operate and has much better gap bridging capability. 
Thus, it has great potential to be used in real fabrication and solve the issues associated 
with the welding of high hardness grade Q&T steel and stainless steel dissimilar joint. 
 
This thesis is intended to conduct in-depth study of welding procedure qualification of 
K-TIG welded high hardness grade Q&T steel and stainless steel dissimilar joint. Firstly, 
the effect of process variables on weld formation was investigated. It was found that 
both travel speed and heat input contribute to the formation of undercut defect. The 
melting efficiency increases with increasing heat input and gap distance between two 
plates, while it exhibits an opposite trend with increasing arc length. The profile of 
longitudinal cross section is closely linked to the heat input level, which affects arc 
behavior during welding. The arc current is found to be a critical factor to determine 
process stability in K-TIG welding process due to the high arc pressure induced from it. 
 
The microstructure and mechanical properties of K-TIG welded armour grade Q&T 
steel was analyzed by means of optical microscopy (OM), X-ray diffraction (XRD), 
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron 
back-scattered diffraction (EBSD) and transmission electron microscopy (TEM). 
Results show that hardness distribution and tensile properties of the K-TIG welded 
armour grade Q&T steel joint are better than current practice. However, impact 
toughness in the weld metal (WM) region is much poorer than the base metal due to the 
formation of coarse bainitic microstructure. In order to improve the weld microstructure 
VI 
 
and properties, two chemically-based modification technology were introduced. It was 
shown that by introducing filler materials into the K-TIG welding, hardness, tensile 
properties and toughness of the weld are increased dramatically. However, impact 
toughness of the weld is still much lower than that of the base metal. In order to produce 
a weld that matches the properties of the base metal, austenitic interlayer was introduced 
in the K-TIG welding process. It was shown that up to 43% dilution rate can be 
achieved, which leads to a dual microstructure consisting of martensite and retained 
austenite. The martensite in the WM provides sufficient strengthening while retained 
austenite contributes to the toughness improvement, which allows the weld to have the 
ability to compete with the base metal. 
 
Finally, the feasibility of K-TIG for welding SAF2205/AISI316L dissimilar joint is also 
presented. The results show that in order to produce defect free dissimilar joint, the 
torch deviation should be kept at 0 to 1 mm towards AISI316L side. Defect free joints 
possess better tensile properties than the AISI316L base metal, indicating sufficient 
strength level for such dissimilar joint. Poorer toughness of the samples with 1 mm 
torch deviation towards SAF2205 side and 2 mm torch deviation towards 316L side is a 
result of imbalanced phase structure, ferritic-austenitic solidification mode as well as 
harmful precipitates in the weld. The overall mechanical properties of K-TIG welded 
such dissimilar joint is comparable to that achieved by conventional multi-pass fusion 
welding processes. 
 
It has been demonstrated that the K-TIG welding process offers an efficient way to 
produce sound and high quality weld for both high hardness grade Q&T steel and 
stainless dissimilar joint for medium thickness weldment. Finding of this research has 
led to a practical guidance of welding procedure qualification in K-TIG welding process, 
as well as an insight into a new solution for welding high hardness grade Q&T steel and 












ASS                                           Austenitic stainless steel 
CGHAZ                                         Coarse grain heat affected zone 
COQD                                           Critical oil quenching diameter 
DARA                                            Dislocation absorbed by retained austenite 
DSS                                              Duplex stainless steel 
EBSD                                             Electron back-scattered diffraction 
EBW                                             Electron beam welding 
EDS                                              Energy dispersive spectroscopy 
EGS                                                Effective grain size 
FCAW                                          Flux cored arc welding 
FGHAZ                                        Fine grain heat affected zone 
FSS                                                 Ferritic stainless steel 
FSW                                             Friction stir welding 
HSS                                               High strength steel 
GBA                                             Grain boundary austenite 
GMAW                                        Gas metal arc welding 
HAGB                                           High angle grain boundary 
HAZ                                             Heat affected zone 
HHA                                               High hardness armour 
HICC                                            Hydrogen induced cold cracking 
HPD                                           High power density 
ICHAZ                                        Inter-critical heat affected zone 
IGA                                              Inter-granular austenite 
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IPF                                            Inverse pole figure 
K-TIG                                            Keyhole tungsten inert gas 
LAGB                                           Low angle grain boundary 
LBW                                          Laser beam welding 
LHF                                            Low hydrogen ferritic 
M-A                                              Martensite and austenite 
MMAW                                     Manual metal arc welding 
OM                                           Optical microscopy 
OT                                              Over tempered 
PAW                                       Plasma arc welding 
Q&T                                           Quenched and tempered 
SAW                                           Submerged arc welding 
SEM                                               Scanning electron microscopy 
SMAW                                        Shielded metal arc welding 
TEM                                             Transmission electron microscopy 
TMCP                                           Thermal mechanically controlled processing 
TRIP                                            Transformation induced plasticity 
WA                                                Widmanstätten austenite 
WFS                                        Wire feed speed 
WM                                           Weld metal 
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Welding of high hardness grade Q&T steel has long been considered a tough problem 
due to its high hardness and poor weldability. Although under-matching filler materials 
can be used to weld such kind of steel and produce sound and defect-free weldment, the 
joint efficiency is reduced considerably due to the much lower hardness in the WM 
region than the base metal. Also, the production efficiency is pretty low with 
conventional multi-pass fusion welding processes. In order to overcome this issue, 
several advanced solutions have been introduced, such as self-designed coated electrode, 
friction stir welding (FSW) and HPD welding (LBW and EBW). Nevertheless, none of 
them seem to solve this issue completely due to their respective disadvantages, such as 
poor fatigue resistance of tool in FSW and poor gap bridging capability in HPD welding, 
which restrict their industrial application considerably. Similar low production 
efficiency issue has also been reported in stainless steel dissimilar joint as it is usually 
achieved by conventional multi-pass welding processes.  
 
K-TIG welding process was developed recently as a variant of conventional TIG 
welding. The main difference between K-TIG and conventional TIG welding is that the 
strengthened cooling system allows the welding current to be increased to the point 
where the arc pressure is strong enough to overcome surface tension plus liquid gravity 
to form a keyhole. It overcomes the disadvantages of other keyhole mode HDP welding 
processes and shows great potential to be applied in real fabrication for improved 
productivity and cost-effectiveness. Immediate after its invention, quite a few studies 
has been conducted on the K-TIG welding process, such as feasibility study on medium 
thickness stainless steel, titanium alloy and mild steel. It has been reported that K-TIG 
has the potential to dramatically increase the production efficiency in medium thickness 
welding while maintaining metallurgical properties at a high level. Considering the 
issues facing the welding of high hardness grade Q&T steel and stainless steel 
dissimilar joint and the advantages of K-TIG welding process, K-TIG might be a good 
solution to these issues. Whether the K-TIG welding process can be used to solve the 
issues associated with the welding of high hardness grade Q&T steel and stainless steel 
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joint should be evaluated. In order for this welding technique to be put into place in real 
fabrication, in-depth welding procedure qualification as well as optimization technology 
is necessary.  
 
1.2 Objective of thesis 
 
This thesis aims to evaluate the feasibility of K-TIG for welding high hardness grade 
Q&T steel and stainless steel dissimilar joint, as well as to improve weld microstructure 
and mechanical properties by incorporating optimization technology into the K-TIG 
welding process. The relationship among process parameters, arc behaviour and weld 
formation, as well as the optimization mechanism for weld microstructure and 
mechanical properties will be presented. The ultimate goal of this thesis is to give 
practical guidance on the in-depth welding procedure qualification of K-TIG welded 
high hardness grade Q&T steel and stainless steel dissimilar joint.  
 
1.3 Outline of thesis 
 
The main structure of this thesis is outlined as below: 
 
Chapter 2 presents the literature review on physical metallurgy and welding metallurgy 
of Q&T steels, K-TIG welding process as well as welding metallurgy for dissimilar 
joint between different stainless steels.   
 
Chapter 3 introduces the main experimental instruments for welding as well as for 
materials characterization. 
 
Chapter 4 investigates the impact of welding parameters on weld formation and arc 
shape in the K-TIG welding process, together with the mechanism by which weld 
formation and arc shape are affected.  
 
Chapter 5 presents an in-depth microstructural characterization and mechanical tests of 
K-TIG welded armour grade Q&T steel by means of OM, SEM, EBSD, EDS, tensile 
test, hardness test and Charpy impact toughness test, aiming at exploring the overall 
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performance of K-TIG welded armour grade Q&T steel weldment. 
 
Chapter 6 presents the feasibility and effectiveness of introducing filler materials during 
the K-TIG welding process, aiming at improving the weld microstructure and 
mechanical properties by chemically-based optimization technology.  
 
Chapter 7 presents interlayer technology in K-TIG welding process for optimization of 
weld microstructure and mechanical properties, aiming at providing higher dilution rate 
as well as getting desired dual phase microstructure in the weld which leads to a 
combination of high hardness and toughness.  
 
Chapter 8 tests the feasibility of K-TIG for joining dissimilar materials between duplex 
stainless steel (DSS) and austenitic stainless steel (ASS), along with detailed discussion 
on relationship among chemical composition, solidification sequence, microstructural 
evolution and mechanical properties, aiming at providing practical guidance for such 
dissimilar joining in terms of overall material properties.  
 
Chapter 9 summaries the main findings in this study and points out the direction for 


















Chapter 2. Literature Review 
  
2.1 Quenched and tempered steel 
 
2.1.1 Development of high strength steel  
 
The development of novel high strength steels (HSS) has always been driven by the 
demand from the customers or industries requiring materials possessing excellent 
mechanical properties combination of yield strength, toughness and fabrication 
properties. The two major ways to increase yield strength of a steel are alloying and heat 
treatment or processing. For these reasons, both these two factors have always been 
modified to produce high performance steel. The detailed chronology of steel 
development and processing technology is shown in Figure 2.1 and 2.2, respectively. 
At the very beginning, say before 1950s, the steel S355J2 in accordance with EN 10025 
was thought of as high tensile steel [1]. The modification of this grade, which leads to 
higher strength, is to apply higher carbon and alloying elements. With the introduction 
of Q&T technique in steelmaking in around 1960s, yield strength of more than 1000 
MPa could be achieved by proper heat treatment route and addition of several micro-
alloying elements (vanadium, niobium and titanium) precipitating as fine dispersed 
carbonitrides preventing grain coarsening and contributing to strength enhancement. 
Later, motivated by the combination of strength, toughness and excellent weldability, 
thermo-mechanical controlled process (TMCP) was introduced in the 1970s (Figure 2.2 
D to G).  This technique can achieve a very fine grained microstructure through 
controlled rolling steps at specific temperature and precipitation of carbonitrides. By 
combining this technique with accelerated cooling, a yield strength of more than 500 
MPa is achievable in plates with thickness of up to 100mm with the use of very few 
alloy elements [2]. Besides increased yield strength, TMCP steels also possess much 







Figure 2. 1 Historical development of HSS [2] 
 
Figure 2. 2 Historical development of steel processing routes [2] 
 
Nowadays, many types of newly developed HSS have been put into market, as shown in 
Figure 2.3. These include dual phase or complex phase steel (DP and CP in Figure 2.3 
respectively), Transformation induced plasticity (TRIP) steel, twinning induced 
plasticity (TWIP in Figure 2.3) steel and some unlisted grades, such as quenching and 
partitioning steel, precipitation hardened martensitic steel and maraging steel. 
Nevertheless, most of these newly developed advanced HSS are highly alloyed and 
targeted at some specific applications. Thus, they are very expensive in terms of 
production cost and wide application is hard to achieve. In contrast, Q&T martensitic 
steel (MS in Figure 2.3) is much less alloyed compared with advanced HSS and much 
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stronger than other low alloy HSS. In addition, it possesses the widest range of 
achievable yield strength (600MPa to more than 1200Mpa). These unique properties 
allow Q&T steel to be widely used in many industries.  
 
Figure 2. 3 Mechanical properties of various types of steels [3]  
 
2.1.2 Classification and application of quenched and tempered steel  
 
Q&T steel can be classified according to several different standards. In terms of 
alloying content, it can be divided into low alloying type with total alloying content of 
less than 5% and high alloying type with total alloying content of more than 5%. 
Majority of Q&T steel belongs to low alloying type, with only small fraction being high 
alloying type, such as martensitic stainless steel, tool steel and 5-9% Ni Q&T steel. 
From the perspective of hardenability, it can be divided into three main categories, 
namely low hardenability with critical oil quenching diameter (COQD) of less than 
30mm, medium hardenability with COQD of 40-60mm and high hardenability with 
COQD of 60-100mm. The most commonly used classification standard worldwide at 
this stage is yield strength. Different countries formulated its own standard for Q&T 
steel according to the yield strength, as summarized in Table 2.1. It is worth mentioning 
that although Q&T steel with yield strength more than 1000MPa have already been 





Table 2. 1  























9Q 620 600/600PV N/A S620Q A533 
10Q 690 700/700PV E690/P690Q S690Q/P690Q A514/A517 
11Q 890 900 N/A S890Q N/A 
12Q 960 1000 N/A S960Q N/A 
 
Due to the fact that application of high strength Q&T steel can lead to saving of 
production cost, greater carrying capacity, lighter structures and improved service life, 
they have been widely used in structural and construction industries, accounting for a 
the largest proportion of market share of total structural steel plate market consumption. 
Examples include building columns, lower courses of storage tanks where the pressure 
is the highest, tapered rectangular box-section towers of bridges [4]. Q&T steels used 
for these application are normally limited to 690MPa yield strength. In order for the 
Q&T steel to be used in wear resistant situation, 1050-1200 MPa tensile strength is 
needed to increase its abrasive resistance, such as those used in dump trucks and wear 
liners.  These steels have a minimum tensile strength of 1050 MPa with harness ranging 
from 360-600HB. Similarly, high hardness is also linked to excellent penetration 
resistance or ballistic performance [5]. Thus, high hardness Q&T steel has also been 
designed for application in both military and civil armour vehicles.  
 
2.1.3 Fabrication and physical metallurgy of low alloying quenched and tempered 
steel  
 
Low alloying Q&T steel with 0.1 to 0.5% carbon content and other alloying elements of 
Mn, Ni, Cr, Mo, Cu, V amd Nb is produced by a conventional Q&T route in which the 
steel is heated to around 900 oC for austenitization, followed by fast cooling in water or 
oil to achieve a hard martensitic microstructure. As the as-quenched steel is both hard 
and brittle, upcoming heat treatment below A1 temperature is carried out to relieve the 
internal stress, reduce the hardness and improve the toughness. The tempering heat 
treatment is conducted normally at a temperature of 480-630 oC for structural 
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application and as low as 200 oC for both wear and armour application. The tempered 
martensitic microstructure provides the desired combination of hardness, ductility, 
toughness and weldability [6]. It is worth mentioning here that as the production route 
and design purpose for high alloying Q&T steel is much different from low alloying 
counterpart, it is not discussed in detail here. 
 
Morphology of martensite formed during quenching process can be divided into three 
types, namely lath martensite, plate martensite and mixture of both, depending on the 
carbon concentration, as shown in Figure 2.4. As the carbon content in low alloying 
Q&T steel is not exceeding 0.6% percent for general application, lath martensite 
becomes the main microstructure in as-quenched condition. Although the strength and 
hardness of lath martensite is mainly dependent on the  carbon content [7], other 
strengthening mechanisms also come into play, such as grain size strengthening, 
dislocation strengthening, substitutional solid solution strengthening and carbide 
precipitation strengthening [8]. Considering that tempering is carried out immediately 
after quenching, the variation in microstructure during tempering, especially the change 
in the degree of lattice distortion and precipitation of carbides, plays a very important 
role in determining the mechanical properties of Q&T steel.  
 







2.1.4 Tempering kinetics  
 
2.1.4.1 First stage of tempering 
 
When as-quenched martensite is tempered at around 100-200 oC, which is the first stage 
during tempering, a very fine transition carbide with stoichiometry of Fe2.4C is 
identified as epsilon (ε) [10]. The formation of ε carbide is dependent on the diffusion of 
carbon in martensite [11]. The kind of carbide is with the size of 2-4 nm and will 
transform to thermodynamically more stable carbide such as cementite in later 
tempering stage [12]. Initially, the ε carbide was identified only in high carbon 
martensite. Later, it was also found in low carbon steel with carbon content as low as 
0.14% [13]. The carbides formed during this stage is consistent with that in high 
hardness grade Q&T steel used for wear and armour vehicles.  
 
2.1.4.2 Second stage of tempering 
 
It is reported that retained austenite is discovered in all groups of as-quenched carbon 
steels, ranging from low carbon steel to high carbon steel. It is distributed mainly in 
between parallel crystals of lath martensite in low to medium carbon steel and remains 
stable up to 200 oC. Retained austenite is unstable below Ac1 and tends to transform to a 
mixture of ferrite and cementite in between martensitic laths at temperature ranging 
from 200 to 300 oC, which forms the second stage of tempering. The decomposition of 
retained austenite is identified as being dependent on the diffusion of carbon in austenite 
[9]. As the decomposition of retained austenite into cementite between martensitic laths 
tends to result in tempering embrittlement [14], tempering at this temperature range has 
to be avoided.  
 
2.1.4.3 Third stage of tempering 
 
The third stage of tempering starts with the replacement of transition carbide by 
cementite with chemistry of Fe3C distributed within martensite crystal, at both lath 
boundaries and prior austenite grain boundaries. The cementite precipitation in the third 
stage is also in parallel to the formation of cementite from the decomposition of retained 
austenite in the second tempering stage [9]. As tempering temperature increases, the 
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cementite particle coarsens, spheroidizes and finally grows large by Ostwald ripening 
mechanism by which small particles dissolve into the matrix and large particles begin to 
coarsen in a bid to minimize surface to volume ratio [15]. On the other hand, the matrix 
of as-quenched martensite is very unstable due to high dislocation density and large 
interface area, which creates the driving forces for recovery, recrystallization and grain 
growth during tempering. The final results is that large amount of supersaturated carbon 
atoms are rejected from body-centered tetragonal structure to form cementite, and 
recovery and/or recrystallization occurs to induce the transformation from martensite to 
ferrite. Although ferrite and cementite are formed during this stage, typical martensitic 
morphology still remains. Thus, it is still referred to as tempered martensite. Due to the 
reduction of dislocation density from recovery and ejection of carbon atoms from solid 
solution, the hardness decreases and the toughness increases after third stage tempering.  
 
2.1.4.4 Fourth stage of tempering 
 
The last stage of tempering involves the precipitation of alloy carbides in place of 
cementite. Q&T steel are alloyed mainly for enhancing hardenability for thick section 
and in various quenching media. The elements that provide such function include Cr, W, 
Mo, V, Nb, which are also strong carbide forming elements. Unlike interstitial alloying 
elements, the diffusion rate of substitutional alloying elements is sluggish, which 
requires higher tempering temperature to drive the atom rearrangement [9]. Softening 
will be retarded and hardness may even increase with the precipitation of alloy carbides, 
which is referred to as secondary hardening effect [16]. The effect of different steel 
grade on secondary hardening is shown in Figure 2.5. Class 1 to 4 are used to 
demonstrate tempering response. Class 1 is a plain carbon steel which exhibits a 
continuous hardness decrease with increasing tempering temperature. Class 2 is alloyed 
steel but with insufficient amount of alloying content to induce secondary hardening. 
Only retardation of softening is observed for this class. The same is true for class 4 
which contains similar alloying element content as class 2 but with lower carbon 
content. Thus, lower hardness is produced and only retardation of softening is identifies. 
For class 3 steel with sufficient amount of all alloy elements, secondary hardening effect 
is evident at higher temperature, which is characteristic of typical high alloy tool steel 
[17]. The formation of these alloying carbides is a result of nucleation at pre-existing 
cementite particles, on dislocations in ferrite matrix and at both lath boundaries and 
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prior austenite grain boundaries [18].  Both stage three and stage four tempering are in 
consistent with the tailored microstructure and mechanical properties used for most of 
the Q&T steels in the field of construction and pressure vessels.  
 
Figure 2. 5 Schematic of tempering response of different grade of steels to hardness variation 
[19] 
 
2.2 Welding metallurgy of quenched and tempered steel 
 
2.2.1 Australian rules 
 
Welding of Q&T steel (S690Q) is more difficult than conventional carbon steel 
(SS355J2) and TMCP steel (S500M) as it possess more alloying elements to provide 
hardenability. This leads to a higher hardness value in the heat affected zone (HAZ) 
after welding thermal cycle at the same cooling rate from 800 oC to 500 oC, as shown in 
Figure 2.6, which results in a higher tendency towards hydrogen induced cold cracking 
(HICC). Consequently, the operating window for welding of Q&T steel is also 
significantly reduced compared with conventional carbon steel and TMCP steel, as 





Figure 2. 6 Schematic of tempering response of different grade of steels to hardness variation [2] 
 
Figure 2. 7 Operating window for welding of different grade of steels [2] 
 
When selecting proper welding procedure for Q&T steel, guidance can be sought from 
relevant welding standards in Australia, such as AS/NZS 1554.4:2014: Structural steel 
welding – Welding of high strength Q&T steels [20], and WTIA Technical Note No.15 
– Welding and fabrication of Q&T steel [21]. These two standards are often referred to 
by steel manufacturers [22]. AS/NZS 1554.4:2014 only applies to the structural grade 
with minimum yield strength not exceeding 1000Mpa, meaning that welding procedure 
for high hardness grade Q&T steel, like wear and armour plates, may be sought from 
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WTIA Technical Note No.15 and steel manufacturers.  
 
WTIA Technical Note No.15 proposed a formula combination to calculate the minimum 
preheat temperature for arc energy ranging from 1.6-1.7 kJ/mm based on chemical 
composition, WM diffusible hydrogen content, and restraint intensity factor, as shown 
below  
         Pcm(%)= C + Si/30 + (Mn+Cu+Cr)/20 + Ni/60 + Mo/15 + V/10 + 5B          Eq.(2.1) 
                                           Pw(%) = Pcm + HD/60 + RF/40000                              Eq.(2.2) 
                                       Minimum preheat (oC) = 1440 PW – 392                          Eq.(2.3) 
Where HD and RF represent WM diffusible hydrogen and restraint intensity factor, 
respectively. Another way to calculate the preheat temperature as specified in both AS 
1554.4:2014 standard and WTIA Technical Note No.15 is to use the combined 
thickness, as shown in Figure 2.8. The formula used for this calculation is listed below: 
                                                         Tc= t1 + t2 + t3 + t4                                                                 Eq.(2.4) 
For structural Q&T steels with yield strength not exceeding 1000 MPa, AS 1554.4:2014 
proposes the calculation method of preheat temperature, interpass temperature and arc 
energy according to combined thickness for Manual Metal Arc Welding (MMAW), Gas 
Metal Arc Welding (GMAW), Flux Cored Arc Welding (FCAW) and Submerged Arc 
Welding (SAW), as shown in Table 2.2. It is also noted in this standard that this table 
only applies when recommendation from the manufacturers is not available. The same 
is true for high hardness grade Q&T steel. WTIA Technical Note No.15 guidance, as 
shown in Table 2.3, only applies when the manufacturers’ data is not available. When 
the thickness is higher than 100mm, guidance can only be obtained from the steel 
manufacturers.  
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Table 2. 3  
Recommended preheat temperature, interpass temperature and arc energy for abrasion resistant 










































































































Since Q&T steel is susceptible to HICC, more care should be taken in the selection of 
welding wires. Special care and pre-treatment should be taken for consumables having 
coating or flux in order to avoid the moisture pickup. WTIA specifies that basic 
hydrogen controlled coatings is supposed to be selected for MMAW process and self-
shielded FCAW consumables are not recommended due to the high hydrogen content 
and high heat input leading to severe softening in HAZ. AS 1554.4:2014 specifies that 
welding consumables require no further qualification if  
(1) The consumables is in compliance with Table 2.4 shown below; 
(2) The hydrogen content should be lower than H10; 
(3) The welding parameter range specified by the manufacturers shall be used. 
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For structural fillet joint, under matching consumables are preferable if design permits, 
as stated in both AS 1554.4:2014 and WTIA Technical Note No.15. WTIA technical 
Note No. 15 also suggests under matching consumables used for abrasion resistant 
grade in order to prevent HICC. In addition, ASS consumables are also proposed in 
WTIA technical Note No. 15 to weld high hardness grade abrasion resistant grade Q&T 
steel, such as SS307 and SS309L in AS/NZS standard and ER307 and ER309L in AWS 
standard, as they have higher ability of absorb hydrogen and reduce the tendency toward 
HICC. However, detailed specification on preheat treatment, interpass temperature and 
arc energy when using ASS consumables has not be written into these two standards. In 
addition, the welding procedure for armour grade Q&T steel is not present in these two 
standards as well.  
Table 2. 4  





















B-E62153 M2 P 
B-E6216-N4M1 U 
B-E6216-N5M1 
B-E6218-3 M2 P 
B-E6218-3 M3 P 
B-E6218-N3M1 A 
A-S 55 4 
B-SU 59 4U 













B-E6915-4 M2 P 
B-E6916-4 M2 P 
B-E6916-N7CM3 A 
B-E6918-4 M2 P 
B-E6918-N3M2 A 
B-E7618-N4M2 A 
B-E7816-N4C2M1 A U 
B-E7816-N5M4 A 
B-E7816-N9M3 A 
A-S 62 4 
A-S 69 4 
B-SU 62 4U 























A-S 62 4 
A-S 69 4 
B-SU 62 4U 
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As shown in Figure 2.9, based on the carbon equivalent and carbon content, the 
weldability can be divided into three main categories, namely I zone which represents 
easily weldable, zone II which represents weldable with care and zone III which 
represents difficult to weld. This diagram is known as Graville diagram [23]. All the 
Q&T steels with yield strength more than 690MPa falls into the category of zone III. 
More importantly, when the yield strength is increased to more than 960MPa, the 
weldability deteriorates significantly. In addition, the welding rules of Q&T steel with 
yield strength more than 1000MPa is not covered in AS1554.4:2014 standard. Only 
WTIA Technical Note No.15 provides some recommendation on welding of Q&T steel 
with yield strength exceeding 1000Mpa. Considering the poor weldability in 
combination with lack of guidance on welding rules for high yield strength and high 
hardness grade Q&T steel, the research on welding metallurgy of this grade deserves 
more attention.  
 
Figure 2. 9 Weldability criteria diagram of various grades of steels [23] 
 
At current stage, welding techniques used to fabricate the weldment of high hardness 
grade Q&T are conventional fusion welding processes, such as shielded metal arc 
welding (SMAW), FCAW and TIG [24, 25]. As the high hardness Q&T steels are 
extremely susceptible to HICC, the ASS consumables seem to be the only available 
remedy for welding such HSS due to its high solubility for hydrogen [26-29]. Alkemade 
[30] conducted a study which tests the likelihood of HICC of Q&T steels after welding 
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and it was concluded that ASS consumables even had the potential to eliminate the 
preheat treatment procedure. Nonetheless, using ASS consumables to weld non-
stainless steel plate is considered to be uneconomical. Moreover, the tensile properties 
of the high hardness Q&T welded joint was significantly reduced (less than 50% of the 
base metal) due to much lower hardness in the WM region. Therefore, a great many of 
studies have been done to investigate alternate consumables for welding Q&T steels. 
 
An attempt was made by Magudeeswaran et al. [31] to test the feasibility of 
replacement of ASS consumables with low hydrogen ferritic (LHF) steel consumables 
by implant testing. They found that the lower critical stress as well as diffusible 
hydrogen content meet the limit specified for high hardness Q&T steel weld, meaning 
that LHF consumables can be considered an alternative to the traditionally applied ASS 
consumables. Later on,  Magudeeswaran et al. [32],  Magudeeswaran et al.  [33] and 
Magudeeswaran et al.  [34] further studied the influence of LHF consumables on impact 
and tensile properties, high cycle fatigue life and fracture toughness of high hardness 
Q&T steel joint respectively and compared them with ASS consumables. Their results 
show that weld produced by LHF consumables exhibit superior tensile properties and 
fatigue performance as well as less HAZ softening, whereas those fabricated by ASS 
consumables possess higher toughness. Nevertheless, the tensile properties of welded 
joints using LHF is still much lower than that of the base metal due to lower hardness in 
the WM region, although it is higher than the ASS weld.  
 
In order to solve this issue, self-designed electrodes that tailor a desired microstructure 
combination was also developed in order to improve the mechanical properties of high 
hardness grade Q&T welded joints. Murthy et al. [35] obtained a fine mixture of carbide 
free bainitic ferrite and austenite in armour steel WM through additions of cobalt and by 
holding the weldment at 350 oC for several hours after welding. Pramanick et al. [36] 
achieved a bainite and austenite two phase microstructure in the WM using a high 
carbon and high nickel coated electrode. It was reported that both these two welds 
presented matching hardness and toughness in the WM region. Nonetheless, post-weld 
heat treatment at 350 oC would decrease the hardness of base metal, while the high 
carbon high nickel concentration tends to follow a single phase austenitic solidification 
mode that could in turn be highly vulnerable to solidification cracking on account of the 
low solubility of impurities in austenite phase. 
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On the other hand, hardfacing technique was also developed in the welding of high 
hardness grade Q&T steel to tailor for some specific application, such as armour grade 
Q&T steel. Reddy et al. [37] tried to improve the ballistic immunity of welds via a 
hardfacing technique in which a hardfaced interlayer is deposited between capping and 
root pass of ASS WM. It was revealed that ballistic resistance was improved to some 
extent by means of possible reduction in the velocity of projectile along with crack 
blunting. One problem encountered during this joint design is that cracks were 
frequently experienced between armour steel base metal and hardfaced layers. In order 
to eliminate these cracks which would have negative impact on ballistic performance, 
several studies have been conducted in which a soft ASS buttering layer is deposited in 
between armour steel base metal and hardfaced layer with an unequal double Vee joint 
configuration [38-40]. The results show that not only have the cracks been eradicated, 
but buttering layer also significantly improves ballistic performance. Balakrishnan et al. 
[41] further explored the impact of hardfaced layer thickness on ballistic performance of 
armour grade Q&T steel. It was found that a hardfaced interlayer between austenite 
stainless steel capping and root pass with the thickness of 0.3 times the plate thickness 
gave the optimum ballistic performance. Nevertheless, combination of soft ASS 
electrodes with hard tungsten or chromium carbide hardfacing electrode might not meet 
the main design criteria such toughness at -40 degree on account of inhomogeneous 
microstructure in the WM region, though it provides improved ballistic performance. 
What is more, the production efficiency with multipass welding is low with self-design 
electrode and/or hardfacing technique.   
 
In order to solve the issues associated with high hardness grade Q&T steel, several 
advanced welding technologies have been tried on high hardness grade Q&T steel. EI-
Batahgy et al. [42] investigated the feasibility of FSW for welding high strength Q&T 
steel. A defect free and full penetration weld with thickness of 2.2 mm was successfully 
achieved by FSW at a travel speed of 600mm/min-1, which is fast enough to attract 
many attentions among researchers. More importantly, both the hardness and toughness 
in the WM region is comparable to the base metal. Although the overall transverse 
tensile strength obtained was 75% that of base metal due to softening phenomenon 
resulting from OT zone, it is still much higher than that in conventional fusion arc 
welding.  However, the thickness of the Q&T steel welded by FSW was merely 2.2 mm. 
Considering the critical durability and fatigue resistance of the FSW tool, FSW might 
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not be suitable for welding Q&T steel with medium thickness.  
 
Recently, HPD welding has been introduced into the welding of high hardness grade 
Q&T steel due to its high production efficiency and the nature of low hydrogen pickup. 
For example, Luo et al. [43] applied LBW to weld high strength Q&T steel with tensile 
strength of up to 1700 MPa. Although the hardness of the WM was approximately the 
same as that of the armour plate, the toughness of WM was unsatisfactory due to the 
formation of untempered martensite and slightly larger grain size in the WM region. 
Similarly, Hansson and Areskoug [44] made use of EBW to join high hardness grade 
Q&T steel with tensile strength ranging from 1418 MPa to 2014 MPa. Results show that 
except for a high hardness comparable to the base metal, the joint efficiency can reach 
more than 80% due to the very narrow HAZ formed with HPD welding. However, as 
with laser beam welded joint, the toughness in the WM region is lower than the base 
metal. In addition, the poor gap bridging capability and the high capital cost of both 
LBW and EBW hinder the development and their on-site application considerably. 
 
2.3 Keyhole Tungsten Inert Gas welding 
 
2.3.1 High power density welding 
 
In fusion welding there are two basic welding technologies, namely conduction mode 
and keyhole mode. In conduction mode the surface absorbs the energy which is 
transferred into the interior through radial thermal conduction [45], whereas in keyhole 
mode welding recoil pressure resulting from vaporizing WM in EBW and LBW or 
stagnation pressure in PAW become significant and provide a mechanism for displacing 
molten metal from the energy impingement area. This mechanism allows the keyhole to 
be achieved all the way through the thickness [46]. The schematic of the threshold 




Figure 2. 10 Threshold between conduction and keyhole mode welding [45] 
 
The power density is usually designed to define the threshold for HPD (keyhole mode) 
welding which mainly comprises LBW, EBW and PAW. At higher power density, say 
1013W/m2, the motion of the vaporization front is much faster than radial heat 
conduction and a small keyhole will form in the workpiece and no heat will be 
deposited on the keyhole wall, causing HPD drilling. At intermediate power density 
which ranges from 1010W/m2 to 1013W/m2, keyhole mode deep penetration welding 
tends to occur. In this case vaporization is significant and the recoil pressure is able to 
displace the molten metal aside to form a cylindrical open keyhole. When the power 
density is lower than 1010W/m2, radial thermal conduction will dominate. Within this 
power density range there is little vaporization but significant workpiece heating. The 
power density range of most conventional fusion welding processes is between 
3x106W/m2 and 1010W/m2. When the power density is below 3x106W/m2, welding is 
not achievable since the energy input is nearly the same as energy losses from 
conduction to the surrounding area [47]. 
 
The shape and size of keyhole produced by the three HPD welding processes varies 
from one HPD welding to another as shown in Figure 2.11, with the deepest and 
narrowest being EBW, followed by LBW which is slightly wider than EBW. In PAW 
the keyhole is made mainly by the pressure from plasma gas rather than vaporization, 
which has more diffuse effect and thus the keyhole formed is much wider than other 
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two HPD welding processes [47]. The aspect ratio of these three HPD welding 
processes is much higher than that of conventional fusion welding processes, say TIG 
and MIG. Once the keyhole is formed, the melted metal in front of the keyhole is 
pushed backwards along both sides of the weld pool to the rear where it solidifies to 
form the weld. Since keyhole mode welding requires stable operating conditions, 
especially travel speed and power input, to maintain both energy and force balance 
inside a keyhole, it is dictated that this kind of welding process needs to be operated in 
an automatic manner [48]. 
 
Figure 2. 11 Weld geometry made from different welding technologies [49] 
 
2.3.2 Introduction of Keyhole Tungsten Inert Gas welding 
 
Motivated by lowering cost and simplifying welding equipment, Keyhole mode TIG 
welding, also known as K-TIG, was invented by Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) in 1997. It is a process variant of the 
standard TIG welding, with the difference being that its functional mode leads to a 
keyhole shaped weld bath, just as the ones present in LBW, EBW and PAW [50]. As a 
keyhole forms during K-TIG welding, efflux plasma will be ejected from the keyhole 
exit to form an illuminous light, as shown in Figure 2.12, which is similar to that occurs 
in PAW. Owing to the fact that the power density of TIG welding is not enough to 
generate remarkable recoil pressure, this mode of keyhole welding is characterized by 




Figure 2. 12 K-TIG welding of pipeline [50] 
 
The invention of K-TIG was intended to provide high quality weld with deep 
penetration, automation potential and fast travel speed characteristic of HPD welding. 
With certain adaptation, a normal TIG welding torch can be used to carry out keyhole 
mode welding and the cooling of the cathode tip is achieved through a specially 
designed K-TIG torch as shown in Figure 2.13. Single pass full penetration weld with 
medium thickness (6-13mm) can be readily achieved without using any filler materials 
and edge preparation. Table 2.5 compares the K-TIG with conventional fusion welding. 
It is shown that K-TIG leads to a reduction in overall welding time by a factor of ten, 
making it more productive and efficient than conventional fusion welding. Furthermore, 
as shown in Table 2.6, although the power density of K-TIG is lower than LBW and 
EBW, it is much cheaper, easier to operate, and has much better gap bridging capability 
to account for the irregular joint fit-up. Also, the relatively simple torch configuration 




Figure 2. 13 Schematic of K-TIG torch [52] 
 
Table 2. 5  
Comparison between conventional fusion welding and K-TIG [46] 
Macrographs 
  
Edge Preparation 60° ‘V’ Joint Butt Joint 
Number of welding 
passes 
7 1 
Filler Quantity (g/m) 1000 50 or none 










Table 2. 6  
Comparison among various high HPD welding processes  
Welding processes K-TIG PAW LBW EBW 
Power density Medium Medium High High 
Equipment cost Low Medium High Very high 
Gap bridging capability High Medium Low Low 
Travel speed Medium Low High High 
Keyhole stability High Low High High 
Operating window Medium Small Medium Medium 
 
2.3.3 Operation principle in Keyhole Tungsten Inert Gas welding 
 
As mentioned before, for a keyhole to form, the ablation pressure resulting from 
vaporization of surface materials in EBW and LBW or stagnation pressure associated 
with plasma jet flow in PAW are used to overcome such forces as surface tension and 
liquid metal gravity to open the keyhole.  However, in the K-TIG welding process, the 
free burning arc is not considered to be sufficiently heavy enough to generate 
remarkable ablation pressure. Thus, The arc current is intentionally increased to the 
point where the arc pressure becomes possible to displace the molten metal aside and 
force the cavity all the way through the thickness to the bottom of the weld bath to form 
a cylindrical keyhole inside the weld pool [53]. The force balance before keyhole forms 
is shown in Figure 2.14. Therefore, it is thought that the pressure used to open a 
keyhole in K-TIG is a result of interaction between the arc current and its self-induced 
magnetic field which is completely electromagnetic in origin [51]. As derived by 
Converti [54], the arc pressure can be expressed as: 






))                                 Eq.(2.5) 
Where Pa represents the arc pressure, µ stands for the magnetic permeability of vacuum, 
I is the arc current, R1 is the arc radius adjacent to the electrode and R2 is the arc radius 
on the workpiece. As the welding current is increased to more than 200A, severe weld 
pool depression occurs and the liquid metal can be displaced aside by sufficiently 




Figure 2. 14 Schematic of force balance before open keyhole forms 
 
Once the keyhole forms, the force balance inside the keyhole channel changes slightly. 
For LBW and EBW, the strong recoil pressure and vapor pressure are used to balance 
the surface tension and liquid gravity which act to collapse the keyhole.  Nevertheless, 
TIG welding process is not regarded as being able to generate appreciable ablation 
pressure, and thus the function of recoil pressure is not considerable [47]. In addition 
there are not any gas-dynamic forces generated independently of the arc as is the case in 
PAW [46]. Therefore, three dimensional surface tension needs to be taken into 
consideration in K-TIG welding process to account for the force balance inside keyhole 
channel. In HPD welding, the ratio of depth to width of formed keyhole is more than 10. 
Under this condition, the keyhole can be regarded as being cylindrical. It is known that 
surface tension pressure is related to both surface tension coefficient and surface 
curvature, which could be written as: 






)                                                Eq.(2.6) 
Where P is surface tension pressure, γ is surface tension coefficient, r1 and r2 are the 
principle radii of curvature. As mentioned by Jarvis [46], the two radii do not have to be 
the same sign since it is possible that a surface is convex along one axis and concave 
along another, which comprises a saddle point. As shown in Figure 2.15, once a 
keyhole forms, the two curvatures is of opposite sign. With a very high aspect ratio, 
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such as in LBW and EBW, r2, which is approximately half of the thickness b, is 
significantly larger than r1, the surface tension in the radial plane dominates over that in 
axial plate, and the surface tension pressure tends to close the keyhole. Therefore, in this 
case, two dimension applies and the Eq.(2.6) can be rewritten as: 
                                                             P =  
γ
𝑟1
                                                        Eq.(2.7) 
However, during K-TIG welding, the energy density is not as concentrated as that in 
HPD welding. Therefore, the keyhole has a much less aspect ratio and the second part 
of the surface tension term (radius of r2) needs to be taken into consideration. The 
surface tension in axial plane comes into play to counteract that in radial plane as the 
aspect ratio decreases, and this tends to open the keyhole. It is reported that in K-TIG 
welding, the surface tension pressure resulting from the second term eliminates the need 
for a very high pressure, such as recoil pressure, which allows the gas pressure itself to 
be intense enough to achieve keyhole mode [46].   
 
 
Figure 2. 15 Schematic of surface tension inside a keyhole [56] 
 
2.3.4 Governing equation for weld pool  
 
Except for the pressure to open the keyhole, another condition required for the K-TIG is 
that the liquid metal must be held in place by surface tension while it is solidifying [57]. 
This leads to a relationship among surface tension, liquid gravity, arc pressure (Fa), 
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frictional force (Ff) and supporting force of solid wall (Ft), as expressed in Eq.(2.8):   






) +Ff  + Ft ≥ gh + Fa                                   Eq.(2.8) 
Where  is the liquid metal density, g is the gravitational coefficient, h is the plate 
thickness. Apparently, there exists a maximum thickness that can be welded or 
supported by surface tension during K-TIG welding.  Since travel speed plays a critical 
role in determining the weld pool shape, it is necessary to take it into account when 
analysing the keyhole failure mechanism. As proposed by Wells [58],  the pool length 
will increase with increasing root bead and travel speed. The schematic of the backside 
weld pool is illustrated in Figure 2.16. Let us assume that s = Kr, Eq.(2.8) can be  
rearranged as: 
                                           r * (gh + Fa - Ff  - Ft ) * (
𝐾
𝐾+1
)  ≤ γ                               Eq.(2.9) 
As proposed by Jarvis [46], the coefficient K will increase with increasing travel speed, 
which would lead to a value of k for 1 and infinite with travel speed of 0 and infinite 
respectively. In addition, it is assume that the smallest value of s is equal to 2r since the 
temperature gradient of the rear weld pool must be higher in the welding direction than 
the direction perpendicular to it.  This produces a value of K ranging from 2 to infinite. 
The clear boundary for the Eq.(2.9) can thus be defined as: 
                                               r * (gh + Fa - Ff  - Ft )  ≤ γ        (1) 
                          2/3 r * (gh + Fa - Ff  - Ft )  <  γ ≤  r * (gh + Fa - Ff  - Ft )  (2) 
                                             γ ≤  2/3 r * (gh + Fa - Ff  - Ft )     (3)                       Eq.(2.10) 
As can be seen from Eq.(2.10), the keyhole process will always be stable as long as the 
category (1) applies, suggesting that very high travel speed could be under this 
conditions, say thin materials with lower thermal conductivity. If the situation is located 
in the second category, it is necessary to carefully control the travel speed in order to 
maintain the keyhole stability. The keyhole will always fail if category (3) holds. As all 
terms in category (3) are material dependent, the maximum thickness that can be welded 
by K-TIG welding process can therefore be estimated based on category (3) in Eq.(2.10) 





Figure 2. 16 Schematic of backside weld pool and keyhole geometry (Note: Brown and blue 
represent keyhole and weld pool respectively) 
               
2.3.5 State-of-the-art 
 
Due to the nature of high productivity and low cost, joining of medium thickness 
materials by K-TIG welding has already been adopted and demonstrated in industry. 
The most important physical properties that affect the weldability are surface tension 
coefficient, liquid metal density and thermal conductivity [57]. The most stable keyhole 
process tends to be achieved on materials with lower density, thermal conductivity and 
higher surface tension coefficient since these features favors smaller gravity and the 
formation of narrower root width, which makes it easier for surface tension to hold the 
weld pool during solidification. It is largely for this reason that keyhole mode welding, 
including K-TIG has been confined to materials with low thermal conductivity and 




2.3.5.1 Stainless steel 
 
The first commercial application of the K-TIG welding process is for 3.4 mm to 5 mm 
ferritic stainless steel (FSS) sheets. In  this case, filler materials were used to fill the gap 
distance between two plates, which is pre-set at around 1 mm [50]. Later on, further 
experiments on K-TIG show that ASS, which has a lower thermal conductivity than 
FSS, is more suitable for K-TIG welding, with an applicable operating range of 3 to 12  
mm thickness in comparison to 3 to 8 mm in FSS [53]. In addition, 2205 DSS was also 
successfully welded by Baughn el al. [59] using K-TIG. What is more, it was shown in 
their study that the phase balance can be tailored by adding up to 10% nitrogen to argon 
shielding gas without compromising corrosion resistance. It was also reported by Sales 
et al. [60] that at least 2% nitrogen content in shielding gas is needed to maintain phase 
balance and to obtain desired corrosion resistance and impact toughness.  
 
Recently, detailed analysis on K-TIG welding of stainless steel was conducted by Lohse 
et al. [61] using a self-made K-TIG torch, which they also called Cathode Focused torch. 
It was found that undercutting tends to occur when fast travel speed was used.  
Furthermore, it was also discovered that shorter arc length has positive effect on the 
operating window. Recognizing the lack of efficient welding process targeting medium 
thickness 316L stainless steel, Feng et al. [62] subsequently conducted a study which 
tests the feasibility and explores the mechanical properties of 316L ASS produced by K-
TIG welding. It was shown that single pass full penetration can be achieved on 10 mm 
316L stainless steel with good weld formation. Furthermore, mechanical properties of 
the weldment were nearly the same as the parental metal, with the pitting corrosion 
resistance of the WM being even better than that of the parental metal. This indicates 
that K-TIG welding is an ideal process for welding 316L stainless steel with medium 
thickness. 
 
The use of K-TIG for joining 10.5 mm medium thickness S32101 lean duplex stainless 
was tried by Cui et al. [63]. Not only feasibility was demonstrated, but the weldment 
was also characterized thoroughly using various materials characterization methods. It 
was shown in their study that both tensile properties and hardness of the weld were 
better than the parental metal. Although total elongation and impact toughness of the 
weldment was slightly lower than the parental metal, it still met the specified 
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requirement. More importantly, the impact of heat input on microstructure and 
mechanical properties was also tested by the same authors [64, 65]. It was found that 
toughness of the weld and corrosion resistance of both WM and HAZ were increased 
with increasing heat input due to increased austenite fraction and Σ3 coincident site 
lattice boundaries. It was recommended by the authors that as high heat input as 
possible be used in the K-TIG welding from the perspective of overall material 
properties.  
 
2.3.5.2 Titanium alloy 
 
As mentioned by Jarvis and Ahmed [51], physical properties of titanium alloy allow it 
to be suitable for the K-TIG welding process. With similar thermal conductivity, surface 
tension coefficient and lower density, titanium alloy should have, in principle, better 
weldability than stainless steel for the K-TIG welding process. This guess was 
confirmed by the successful application of K-TIG on medium thickness commercial 
pure titanium. Four years after the K-TIG was invented, Lathabai et al. [57] undertook a 
study in which titanium was welded by both standard TIG welding and K-TIG welding 
processes. Their results showed that 12.7mm commercial pure titanium butt joint was 
successfully produced by the K-TIG welding in a single pass at travel speed of 250 
mm/min compared with six passes needed to complete the weld by standard TIG 
welding. It was also found that despite the difference in heat input and degree of 
microstructure refinement, mechanical properties of the K-TIG welded joint, including 
tensile properties, hardness and impact toughness, were very similar to that obtained 
through standard TIG welding. Four years later, Lathabai et al. [66] also tried to use K-
TIG to join Ti-6Al-4V alloy and did a comparison between K-TIG and standard TIG. 
Results showed that with appropriate post-weld heat treatment, the K-TIG welded joint 
possessed similar mechanical properties to that of standard TIG welds. It has been 
demonstrated that the K-TIG welding process significantly increased productivity of 
titanium alloy welding, while maintaining the material properties of the weld at a level 
similar to that produced by standard TIG welding process. 
 
2.3.5.3 Zirconium alloy 
 
Zirconium is very similar to titanium in terms of thermal conductivity and surface 
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tension coefficient, but with a density that is a little bit higher than that of titanium. 
From the perspective of K-TIG principle, it should not make appreciable difference. The 
feasibility of K-TIG for welding commercial pure was conducted by Lathabai et al.[67]. 
With a dressing pass of standard TIG welding at lower current and slower travel speed 
to smooth the weld profile on the bead front side, defect free full penetration can be 
achieved on 6.35 mm thick commercial pure zirconium with very little distortion 
because of lower thermal expansion coefficient of zirconium. During the K-TIG 
welding pass, the travel speed reached up to 500mm/min-1, which doubles that used in 
12.7 mm commercial pure titanium because of the thinner plate used. Moreover, it was 
found that the welded joint presented 100% joint efficiency and passed the 
corresponding guided bend test, which indicates good combination of strength and 
toughness even with no post-weld heat treatment. As with the K-TIG welding of 
titanium alloy, the process gives significant cost reduction and productivity increase 
without sacrificing metallurgical and mechanical properties. 
 
2.3.5.4 Carbon steel 
 
Motivated by expanding the application of K-TIG to materials with high thermal 
conductivity, such as carbon steel which finds much wider application in various 
industries than stainless steel, titanium and zirconium alloy,  Lohse et al. [61] tried to 
used K-TIG to weld mild steel. It was documented that the operating window decreased 
from 400 to 750 mm/min travel speed for 6 mm stainless steel to 380 to 420 mm/min for 
6 mm carbon steel because of its higher thermal conductivity. Once the thickness of the 
mild steel was increased to more than 8 mm, the operating window became extremely 
narrow, with even lack of fusion being present, which indicates that the weldability of 
carbon steel is much poorer than stainless steel, titanium and zirconium alloy.  
 
2.3.5.5 Process optimization  
 
In order to expand the operating window during the K-TIG welding of carbon steel, 
high frequency pulse current waveform was introduced in the K-TIG welding process 
by Fang et al., [68], as shown in Figure 2.17. The adjustable current range was 
increased from 430A to 460A in normal K-TIG welding process to 340A to 420A in 
high frequency K-TIG, which is mainly attributed to the constricted arc and more 
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intense arc penetration ability resulting from pulse mode current waveform. What is 
more, it was also found that the microstructure in the WM region was much refined 
compared with ordinary K-TIG welding due to lower heat input used, which leads to 
slight increase in hardness across the weld. 
 
Figure 2. 17 Current waveform of high frequency K-TIG [68] 
 
At the same time, magnetic field has been incorporated into K-TIG welding process by 
Liu et al. [69] to test its effect on the melting and keyhole behavior. It was shown that 
by introducing magnetic field into the K-TIG welding process, the arc was constricted 
to an oval shape, and the front side width was decreased and backside width was 
increased. This was consistent with the variation in keyhole exit shape. More 
importantly, the threshold current to achieve full penetration was decreased. In order to 
further explore the effect of magnetic field on K-TIG welding process, Liu et al. [70] 
tested the effect of cusp magnetic field configuration on arc penetration capability. It 
was discovered that smaller pole angle exerts a significant effect on the arc constriction, 
leading to increased melting depth, arc pressure and reduced threshold arc current to 
achieve full penetration. This development also has the potential to reduce heat input 
and refine grain size. 
 
Furthermore, other grain refining and process stability improvement was also tested.  
Water cooling technique was introduced by Fan et al. [71] during the K-TIG welding of 
8 mm Q345. The water cooling system is shown in Figure 2.18, which consists of a 
welding platform and a circulating water canal under the workpiece. The inlet of canal 
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was flared to ensure a laminar motion in order to provide better cooling effect. It was 
shown in this study that with water cooling system put in place, the holding effect of the 
weld bath was dramatically improved on account of the increased surface tension and 
narrower root bead width resulting from lower temperature profile. What is more, the 
fusion zone area was reduced, along with faster cooling rate, which would lead to finer 
grain size and accordingly better mechanical properties.  
 
Figure 2. 18 Schematic of water cooling system [71] 
 
2.3.5.6 Process dynamics and monitoring  
 
In order to clarify the relationship between process stability and process variables 
during the K-TIG welding process,  Liu et al. [72] tried to use a CCD camera to capture 
the keyhole profile from backside of the workpiece, as shown in Figure 2.19. By proper 
filtering of the arc light and image processing, keyhole profile can be clearly observed. 
It was found in their study that both the keyhole width and length increased with 
increasing heat input while the keyhole exit deviation distance experienced an opposite 
trend. It was also reported that the keyhole process in K-TIG was more stable than PAW. 
In addition, K-TIG was found to have much wider current operation range as it has 
much smaller ratio of arc pressure to arc current compared with PAW [73].  Later on, 
Liu et al. [74] continued to study the coupling behavior among welding arc, weld pool 
and keyhole and found that Marangoni force in the weld pool played a prominent role in 
slowing down keyhole closing process, which indicates that it has the potential to 
stabilize the keyhole with relatively low heat input. Furthermore, It was also discovered 
by Liu et al. [75] that the keyhole behavior was more sensitive to step change in arc 
current compared with step change in welding speed although both of them control the 
heat input. This is because arc current controls both heat and force balance among arc, 





Figure 2. 19 Schematic of vision system [72] 
 
More recently, Zhu el al. [76] introduced a novel recognition pattern for weld 
penetration in K-TIG by combining visual sensing system with acoustic signal from the 
backside. It was found that with the assistance of Support Vector Machine model based 
on cross-validation and particle swarm optimization, the selected acoustic and visual 
features can well recognize the penetration status of K-TIG welded joint with accuracy 
as high as 97.1655%. In order to reduce the number of sensors, Cui et al. [77] tried to 
analyze the weld penetration state of K-TIG using arc voltage signal. They discovered a 
distinct frequency band of 2-4 kHz in which the full penetration and partially 
penetration can be distinguished by analyzing the oscillation frequency of the weld pool 
with specially designed algorithm. 
 
2.4 State-of-the-art of stainless steel dissimilar joint 
 
It is known that ASS stands for the largest group of stainless steels in service worldwide 
because of its good combination of ductility, toughness, corrosion resistance and 
weldability [78]. It is commonly used in applications where moderate corrosion 
resistance is required since there are vulnerable to pitting corrosion and stress 
concentration cracking in chloride environment. In harsh corrosive environment, the 
performance of ASS is unsatisfactory due to poor localized corrosion resistance [79]. In 
contrast, DSS possesses excellent mechanical properties (much harder than ASS and 
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more ductile than FSS and is more resistant to localized condition such as pitting and 
stress corrosion cracking due to its higher interstitial and substitutional alloying 
elements as well as tailored phase balance [80], which attracts significant attention in 
recent years. It has become increasingly popular in chemical, marine, oil and gas as well 
as petrochemical industries [81-83].  
 
Nowadays, in order to efficiently utilize materials in various environment for 
economical consideration, high performance materials are generally used in harsh 
environment whereas cheaper materials in mild environment. Thus, dissimilar joining 
between different grades of stainless steel becomes unavoidable, such as chemical 
tanker in marine industry, gas pipeline in petrochemical industry and cryogenic vessels 
in transportation industry [84] requiring dissimilar joining between DSS and ASS, 
which would give huge merit with regard to cost/property ratio [85]. The most 
commonly used welding technique in industry for joining DSS and ASS are 
conventional fusion welding processes, such as GTAW for welding SAF2507/AISI304L 
[86, 87], SAF2507/AISI316L and SAF2205/AISI316L [83, 88-91], and 
SAF2507/AISI321 [92], GMAW for joining SAF2205/AISI316 [93], SMAW for 
welding SAF2205/AISI316L [79, 94, 95]. It was revealed in these studies that 
mechanical properties and pitting corrosion resistance of the weldment produced with 
DSS steel filler were better than that produced with ASS filler owing to nearly equal 
amount of hard ferrite and soft austenitic, ferritic solidification mode and higher pitting 
resistance equivalent number. It was also found that the mechanical properties and 
corrosion resistance of pulsed mode TIG welded joint were better than the joint 
produced with constant current TIG because of refined grain size and less harmful 
precipitation in pulsed mode welded joint. Although it is apparent that the welding 
procedure for joining dissimilar DSS and ASS is relatively mature, the productivity is 
slow and production cost is high for medium thickness materials since multipass 
welding and large amount of filler wire are needed to complete the weld. Furthermore, 
multi-pass welding would even exacerbate the distortion problem of dissimilar joint 
with two materials possessing different thermal expansion coefficient.  
 
In an effort to increase the productivity and decrease production cost for dissimilar 
stainless steel joining, activated flux TIG welding process was used to join SAF2507 
super DSS with AISI316L ASS [96]. It is a variant of conventional TIG welding 
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process with deep penetration resulting from oxide flux induced arc constriction and 
higher energy density [97]. This study showed that sound defect free joint was produced 
in a single pass on 5 mm plate without using any filler materials. The joint strength was 
higher than base metal. However, the toughness of WM was relatively poor, which was 
a result of the presence of oxide inclusions introduced by the oxide flux. In addition, the 
weld surface condition for this process is easily influenced by the smearing activating 
flux applied on the weldment and slag tends to retain on the weld surface after welding 
[98, 99], which may require post-weld cleaning procedure. Recently, Ridha et al. [100] 
tried to used HPD fiber laser source to join SAF2205 with AISI304 stainless steel. It 
was found that although the strength of weldment was high than both SAF2205 and 
AISI304 base metal, solidification cracking was present in the weld close to AISI304 
base metal due to the very fast cooling rate associated with HPD, which would 
deteriorate fatigue properties and lead to premature failure. Moreover, as indicated by 
Albert et al. [101], proper mixing between two base metals in the WM region was 
difficult to achieve with HPD welding due to fast cooling rate, which may imply that 
HDP welding, such as LBW and EBW processes, is not suitable for dissimilar joining. 
Thus, it is highly desirable to develop an efficient and high quality welding process to 
fix the problem associated with such dissimilar joint. 
 
2.5 Summary of literature review 
 
In the literature review part, an introduction on physical metallurgy and welding 
metallurgy of Q&T steel, as well as state-of-the-art of dissimilar stainless steel welding 
have been presented. Detailed information on the K-TIG welding process was also 
provided, including operation principle, application and current research direction. It 
can be found that the welding of high hardness grade Q&T steels faces two main 
problems. One is the low production efficiency associated with conventional multi-pass 
welding and the other is the much reduced hardness in the WM region and very low 
joint efficiency with the use of under-matching filler materials. Thus, extensive work 
has been conducted in order to find possible solutions, such as the use of HPD welding, 
FSW and self-designed coated electrode. Due to the shortcoming of each of these 
solutions, such as poor gap bridging capability and critical durability and fatigue 
resistance of the FSW tool, these two issues have not been solved completely. Similarly, 
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the low production efficiency associated with dissimilar joining of different stainless 
steel is also existent. On the other hand, all the studies that have been carried on K-TIG 
welding process to date out focus on metallurgical qualification of K-TIG welded 
materials with low thermal conductivity, process optimization through physically based 
solution, keyhole dynamic behavior and process monitoring. The use of K-TIG for 
welding materials with lower thermal conductivity, such high strength carbon steel, and 
dissimilar materials has rarely been studied. Considering that K-TIG has the potential to 
increase production efficiency and compensate for the disadvantages of both HPD 
welding and FSW, the main objective of this thesis is to establish a reliable welding 
procedure qualification of the K-TIG welding process for high hardness grade Q&T 
steel and dissimilar joint between different stainless steel, and to develop effective 
optimization technology in a bid to tailor desired microstructure and mechanical 




Chapter 3. Experimental instruments and methodologies 
 
In this chapter, all the experimental instruments and methodologies involved in the 
thesis are concisely described. Detailed information regarding experiment design and 




The materials subject to investigation in this thesis are armour grade Q&T steel, also 
known as high hardness armour (HHA), AISI 316L ASS and SAF 2205 DSS. The 
detailed chemical composition is listed in Table 3.1 and Table 3.2. 
 
Table 3. 1  
Chemical composition of investigated armour steel (wt-%) 
C Si Mn P S Ni Cr Mo Al Cu Nb Ti V B N Ca Fe 
0.27 0.3 0.3 0.014 0.0025 0.19 1.05 0.25 0.052 0.018 0.0035 0.022 0.04 0.0012 0.0046 0.0008 Bal. 
 
Table 3. 2  
Chemical composition of investigated base metals (wt%) 
Materials C Si Mn P S  Cr Ni   Mo N Fe Creq Nieq Creq/Nieq ratio 
SAF2205 0.018 0.64 1.52 0.03 0.005 22.9 5.3 3.3 0.18 Bal.  27.01   10.2 2.65 
AISI316L 0.019 0.54 1.16 0.025 0.01 17.5 10.6 2.1 0.05 Bal.  20.41  12.25 1.67  
 
3.2 Welding equipment 
 
The welding apparatus used in this study is manufactured by Keyhole TIG Limited (an 
Australian company). It consists mainly of a K-TIG 1000 AMP power supply, a control 
cabinet, a water cooler, a specially designed K-TIG torch and a control computer used 
to sense and display welding parameters, such as welding current, arc voltage, as shown 




Figure 3. 1 K-TIG welding apparatus 
 
During welding, the worktable moved at the pre-set speed while the welding torch was 
kept stationary. A clamping unit is used to fix the specimen on the worktable in order to 
prevent distortion resulting from thermal expansion. A high speed camera was placed 
beside the worktable in order to record the arc behaviour and metal transfer behavior. 
The schematic is shown in Figure 3.2.  
  






3.3 Sample preparation  
 
After welding, the weld were cut and sectioned using a Wire Electrical Discharge 
machine. Then, the samples were hot mounted by CioPress-20 hot mounting machine as 
shown in Figure 3.3. After that, the mounted sample was ground and polished by 
Struers Tegrapol-21 grinder and polisher (Figure 3.4) following standard procedure 
down to 1 µm cloth. Detailed preparation steps are shown in Table 3.3. Finally, the 
samples were etched using different combination of agent, depending on the chemical 
composition in the WM region. 
 





Figure 3. 4 Struers Tegrapol-21 grinder and polisher 
 
Table 3. 3  
 Sample preparation steps for metallographic observation 
Procedure Surface Force, N Time, minute Solution 
Grinding 220# SiC paper 25 2 Water 
Polishing 9 µm Largo 25 5 Water-based lubricant 
Polishing 6 µm Dac cloth  25 5 Water-based lubricant 
Polishing 3 µm Dac cloth  25 5 Water-based lubricant 
Polishing 1 µm Dac cloth  15 5 Water-based lubricant 




3.4.1 Optical microscope 
 
The overall profile of the weld and the macrograph of fractographs of both tensile and 
Charpy impact samples were captured by Leica M205A stereo microscope, as shown in 
Figure 3.5. It is a variant of OM used for observation at low magnification. It can 
produce a three dimensional visualization of the sample surface to be examined. The 
principle of OM used to investigate materials is to use visible light and several lenses to 
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magnify objects and examine the microstructure of materials. The OM used in this 
thesis is Leica DMR, as exhibited in Figure 3.6. 
 
Figure 3. 5 Leica M205A stereo microscopy 
 
 
Figure 3. 6 Leica DMR OM 
 
3.4.2 X-ray diffraction  
 
The phase constituent as well as phase fraction was identified by XRD. In this thesis, 
XRD test was undertaken with a Panalytical goniometer using monochromatic Cu Kα 
radiation (wavelength λ = 1.5418Å). The accelerating voltage and tube current used 
were 40 kV and 45 mA respectively.  The diffraction pattern was obtained in pre-set 
time scanning mode in the range of 30º ~ 140º. The diffraction instrument is shown in 
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Figure 3.7. The volume fraction of each phase was calculated by Rietveld refinement. 
Dislocation density in martensite was estimated through Modified Williamson-Hall 
(MWH) method.  
 
Figure 3. 7 Panalytical goniometer 
 
3.4.3 Scanning electron microscope  
 
SEM is the electron microscope which produces images by scanning sample surface 
with a focused electron beam. In this thesis, JEOL JSM-6490LA SEM (Figure 3.8) was 
used to investigate the microstructure of weld at lower magnification, as well as to 





Figure 3. 8 JEOL JSM-6490LA SEM 
 
In order to gain information on crystal orientation, EBSD was used to obtain the 
information regarding orientation of grains using JEOL JSM-7001F FE-SEM (Figure 
3.9). The SEM equipment was operated at an accelerating voltage of 20 kV and probe 
current of 5 nA with the sample tilted 70 degree relative to horizontal. The data was 
analyzed by HKL Channel 5 software developed by Oxford Instruments HKL. 
 





3.4.4 Transmission electron microscope  
 
The nano-scale microstructure, such as filmy austenite and dislocation, was identified 
by JEOL JEM-ARM200F ultrahigh resolution TEM with special resolution as high as 
0.08nm, as shown in Figure 3.10. In addition, detailed information on crystal structure 
was revealed by selected area diffraction pattern. The TEM sample was cut into lamella 
by FIB. An accelerating voltage of 200KV was used to observe the microstructure. 
 
Figure 3. 10 JEOL JEM-ARM200F TEM 
 
3.5 Mechanical test 
 
3.5.1 Hardness test 
 
Vickers microhardness test was carried out in accordance with ASTM E384-16 
guideline. The hardness survey was conducted using Struers DuraScan-70 automatic 
hardness tester (Figure 3.11) at a depth 2mm below the weld top surface across all the 
weld region, including WM, HAZ and parental metal. The results were obtained at an 
interval of 0.5mm under a load of 1kg for 10s dwell time. Each indent was calculated 





Figure 3. 11 DuraScan 70 automatic hardness tester 
 
3.5.2 Tensile test 
 
Transverse tensile test were carried out in accordance with ASTM E8/E8M-16a 
guideline. The tensile tests were carried out at room temperature at a crosshead speed of 
1 to 2 mm/min using Instron universal testing machine (Figure 3.12). An extensometer 
with a nominal gauge length of 25mm and/or 50 mm was used to measure the 
deformation of the specimens during tensile test. The dimension of tensile samples are 
shown in Table 3.4 and Figure 3.13.  
 




Figure 3. 13 Schematic of tensile specimen 
 
Table 3. 4   
Standard dimension for tensile specimen 
Standard specimens, sheet-type Dimension 
G-gage length 25mm/50mm 
W-Width 6mm/12.5mm 
T-Thickness 5.6mm/6.2mm/9mm 
R-Radius of fillet, min 6/12.5 
L-Overall length, min 140mm/200mm 
A-Length of reduced section, min 32mm/57mm 
B-Length of grip section, min 50mm 
C-Width of grip section 10mm/20mm 
 
3.5.3 Charpy impact toughness test 
 
The Charpy V impact toughness of the welded joint was investigated by Instron 9250 
Charpy impact machine, as shown in Figure 3.14. As the thickness of specimen is from 
5.6 mm to 9 mm, sub-size Charpy-V notch specimen with thickness of 5 mm was 
prepared for toughness test. A 2 mm deep notch was made along through thickness 
direction. The Charpy impact toughness test was carried out according to ASTM E23 




Figure 3. 14 Schematic of Instron 9250 Charpy machine 
 




The commonly applied experimental facilities and methodologies in this thesis are 
described in this chapter. Detailed experimental procedures used to study a specific 













Keyhole mode TIG welding, also known as Cathode Focussed TIG as defined by 
Schnick et al. [52], is a new process variant to carry out keyhole mode welding process. 
The process stability is closely linked to process variables, such as welding current, 
travel speed, arc length and gap distance between two plates.  For example, it was 
reported by Liu [72] that process stability was severely affected by welding current and 
travel speed. It has also been confirmed that the arc current plays a more important role 
than travel speed in determining process stability [75]. However, all the studies 
regarding K-TIG in the open literature analyzed process stability from the perspective of 
keyhole dynamics. The influence of various process variables on weld formation and 
arc behaviour has not been fully addressed. To the practical view, the process stability 
and weld formation need to be controlled by various welding parameters, such as heat 
input, arc length and gap distance between two plates in K-TIG welding. Figuring out 
the relationship among arc shape, weld formation and process variables is crucial to 
process optimization and is instrumental for the development of control system.  
 
In this chapter, K-TIG welding was performed on 6.2mm thickness HHA plates using 
different welding parameter combination, aiming at evaluating the effect of heat input, 
arc length and gap distance between two plates on arc shape and weld formation. The 
mechanism by which various behaviours occurred has been proposed. The results 
provide a practical guidance for parameter optimization in the K-TIG welding process. 
 
4. 2 Experimental procedure 
 
4.2.1 System set-up 
 
As shown in Figure 4.1, the experimental equipment used to conduct the welding trials 
was composed of a K-TIG power supply, a data acquisition system and a vision system.  
The K-TIG welding output was provided by a constant current welding power source 
with capacity up to 1000A.  A high speed camera, equipped with a neutral filter (10% 
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transparency), was placed beside the worktable in order to record the arc behaviour. A 
back purging unit was designed to provide shielding from atmospheric contamination 
on the back side of the weld pool. Argon shielding gas was transferred into the sealed 
back purging unit from the left hand side hose hole, while a U-tube manometer was 
connected to the right hand side hose hole to monitor the gas pressure inside the unit. 
The image capturing was conducted after the process reaches stable. During welding, 
the torch and high speed camera were kept stationary while the worktable moved at the 
preset speed.  
 
Figure 4. 1 Schematic of experimental system 
 
4.2.2 Procedure development 
 
At first, the process envelope was determined by testing at different welding 
current, say 375A, 450A, 525A and 600A. Then, to test the influence of process 
variables on arc behavior and weld formation, 12 butt joint welding experiments were 
selected for detailed analysis. The parameter combination used for the 12 butt joint 
welding experiments is listed in Table 4.1. Two plates, each with the dimension of 250 
mm x 75 mm x 6.2 mm were used for each experiment. Welding current, travel speed, 
arc length and gap distance between two plates were chosen as variables, while other 
parameters, which were kept constant, are shown in Table 4.2. The surface morphology 
and cross section macrographs were captured by Nikon digital camera and Leica 
M205A stereomicroscope, respectively. The area of fusion zone and HAZ was 
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calculated by extracting the outline of the fusion boundary using Matlab software. 
Comparison was made among all these experimental results in terms of arc behavior, 
surface morphology, and weld longitudinal and cross-sectional profile. 
 
Table 4. 1 


















1 450 14.74 34.2 1 None 11.7 
2 450 16.41 34.2 3 None 12.96 
3 450 17.8 34.2 5 None 14.04 
4 450 19.62 34.2 7 None 15.48 
5 465 16.52 34.2 3 None 13.5 
6 480 16.69 34.2 3 None 14.04 
7 510 17.11 34.2 3 None 15.3 
8 450 16.62 34.2 3 1 13.14 
9 450 17.25 34.2 3 2 13.62 
10 450 16.59 30 3 None 14.94 
11 450 16.44 26 3 None 17.04 
12 450 16.57 24 3 None 18.6 
 
Table 4. 2  
Fixed welding parameters (all experiments) 
Process parameters   Details 
Electrode diameter 6.4mm 
Electrode tip angle 45 degree 
Shielding gas Pure argon 
Shielding gas flow rate 20L/min 
Back purging gas Pure argon 
Back purging gas flow rate 10L/min 







4.3. Results and discussion 
 
4.3.1 Process envolope 
 
The porcess envolope of different grade of steel is shown in Figure 4.2. It can be seen 
that the process envolope of stainless steel is much larger than carbons steels owing to 
its lower thermal conductivity. Furthermore, the envolope for Q&T steel investigated is 
slightly larger than mild steels. On one hand, mild steel containes higher content of 
sulphur which is a surface tension modifier. One the other hand, the faster peritectic 
reaction kinetics of mild steel results in severer sulphur segregation into the liquid 
during solidication, as reported by Phelan and Li [102]. Both these factors tend to 
decrease the surface tension used to hold the weld pool during solidification. That is the 
potantional reason for the poor weldability of mild steel.  
 
Figure 4. 2 Weld lobe for different grade of steels with K-TIG 
 
4.3.2 Surface formation 
 
Table 4.3-4.6 illustrates both the front side and back side surface formation for the 12 
selected weldments with different parameter combination. It can be observed from 
Table 4.3 and 4.4 that when the travel speed was fixed at 34.2 cm/min, undercut was 
experienced for all the weldments, as indicated by the red arrow. This might be caused 
by the molten metal experiencing much stronger backwards momentum at higher travel 
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speed. The mass flow rate is the highest along the centreline of the weld, which tends to 
draw molten metal towards the centreline of the flow and induces lack of melt on the 
side walls in the upper part [103]. In addition, once the arc lenth was increased to 7 mm, 
incomplet penetration was observed, as depicted by the yellow arrow in Table 4.4, 
indicating a large energy loss with 7 mm arc length. Once the travel speed was reduced 
to 30 cm/min, the undercut defect disappreared together with smooth surafce fromation 
on both sides, as shown in Table 4.5. A further decrease in travel speed led to zigzag-
like ripples along the front side weld edges, as highlighted by the red circle, although 
undercut was not experienced. In addtion, even irregular bead face was produced on the 
back side when the travel speed was reduced to 24 cm/min in Test 12 sample. This is 
because high heat input makes the keyhole widen, more molten metal displaced by the 
keyhole flows back to the trailing region for a longer distance and a uniform bead is 
hard to obtain, as reported by Tomsic and Jackson [104]. This indicates that careful 
control over both the travel speed and heat input is needed to avoid defect formation in 
the K-TIG welding process. With the introduction of gap distance between two plates, 
severe underfill was experienced on account of insufficeint materials required to fill the 
gap, as shown in Table 4.6.  It is worth noting that there was a relatively smooth 
formation on both front and back sides with 1mm gap distance between two plates. 
However, with 2mm gap distance between two plates, zig-like ripples were also 
experienced similar to Test 11 and 12 samples as highlighted by the red circle, which 


















Table 4. 3  
Weld surface formation with different arc current 
Test 
  
No.              
Defect 
Type 
Fixed parameters: V = 34.2 cm/min, Arc length (AL) = 3 mm, 
Gap distance (GP) = 0 mm 
 
















Table 4. 4  
Weld surface formation with different arc length 
Test 
  
No.              
Defect 
Type 
Fixed parameters: V = 34.2 cm/min, Current (I) = 450A, GP = 0 
mm 
 
























Table 4. 5  
Weld surface formation with different travel speed 
Test 
  
No.              
Defect 
Type 
Fixed parameters: AL = 3mm, I = 450A, GP = 0 mm 
 




















Table 4. 6 
Weld surface formation with different gap distance between two plates 
Test 
  
No.              
Defect 
Type 
Fixed parameters: AL = 3mm, I = 450A, V = 34.2 cm/min 
 















4.3.3 Weld longitudinal cross-section and arc shape   
 
In orde to investigate the arc behaviour in relation to welding parameters, the 
longitudinal sections of the 12 selected welds are also presented. After the arc was 
extinguished,  molten metal in the rear weld pool refilled into the keyohle channel, the 
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profile of the keyhole leading wall was retained. When full penetration was not 
achieved, as in Test sample 4, strong arc plasma was experienced on the front side, 
together with very high deflection angle relative to horizontal line, as shown in Figure 
4.3(a). Since there was insufficient heat deposited on the lower half of the keyhole 
leading wall to achieve full penetration, the keyhole leading wall exhibit a severely 
curved shape. All of the arc plasma cannot be ejected from the workpiece backside and 
therefore was guided upwards along the rear keyhole wall to the weld pool front side. 
As full penetration was achieved, as was the case in Test 2 sample, the amount of arc 
plasma on the front side decreased significantly, along with the increase in leading wall 
slope, as shown in Figure 4.3(b). It is because as an open keyhole formed, part of the 
arc plasma was ejected through the keyhole exit, leaving part of them guided towards 
the front side. What is more, the deflection angle of plasma cloud relative to horizontal 
line decreased in Test 2 sample compared with Test 4 sample, which was consistent 
with the less steeper keyhole rear edge.  With a further increase in heat input, the arc 
plasma on the front side became even less, as depicted in Figure 4.3(c). This situation 
matches the much steeper leading wall of keyhole. As heat input was increased, more 
heat was deposited on the keyhole bottome region. The bottom region (A zone) of 
keyhole leading wall was melted away into liquid and displaced to rear part to form the 
weld, which makde the keyhole exit deviate less from the welding torch [105]. 
Therefore, larger amout of the arc plasma could be easily ejected through the keyhole 
exit, leaving very small amount of them guided towards the fron side. In addtion, the 
increase in heat input further decreased the slope of keyhole rear edge, which allowed 




Figure 4. 3 Weld longitudinal section and arc shape; (a) Test 4; (b) Test 2; and (c): Test 11 
 
4.3.4 Weld transverse cross-section 
 
4.3.4.1 Influence of heat input 
 
The change in weld macrographs with increasing heat input is shown in Figure 4.4. 
Figure 4.5 shows the variation trend of front side and back side width as well as fusion 
zone area and HAZ area with respect to heat input. As melting efficiency is defined as 
the heat used to melt the material divided by the heat conducted into the weld, it can be 
approximated by the fusion zone area divided by HAZ area. As shown in Figure 4.5(a), 
the front side width of the weld increases from 10.75 mm to 14 mm, while the root 
width increases from 1.3 mm to 4.5 mm. The fusion area and HAZ area both experience 
increasing trend (Figure 4.5(b)), with fusion area increasing 21.76 mm2 and HAZ area 
increasing 18.92 mm2 respectively. Furthermore, the fusion zone/HAZ ratio takes on a 
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slightly increasing trend with increasing heat input, which signifies an increased melting 
efficiency with increasing heat input. This is because the keyhole exit became larger and 
deviated less from welding torch with increasing heat input, as reported by Liu et al. 
[73], which permits greater energy release through keyhole exit and less heat conducted 
into HAZ, leading to increased melting efficiency.    
  
  
Figure 4. 4 Macrograph of four typical welds with different heat input; (a) Test 2 (12.96KJ/cm); 
(b) Test 5 (13.5KJ/cm); (c) Test 7 (15.3KJ/cm); (d) Test 12 (18.6KJ/cm) 
 
      
                         (a)                                                     (b) 
Figure 4. 5 Variation curve with heat input; (a) Weld width; (b) Weld area 
 
Another feature that is evident from Figure 4.4 is the slight hump in Test 2 and Test 5 
sample. This is also a result of the arc plasma trajectory inside keyhole channel. When 
relatively high heat input was used, the keyhole front wall was less curved, majority of 
the plasma gas jet spurted out through keyhole exit to form efflux plasma and very 
small amount of them was reflected by the keyhole front wall towards the rear keyhole 
wall, as indicated in Figure 4.6(a). Therefore, the front side weld formation was smooth 
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with the absence of humping and undercut, as shown in Figure 4.4(c) and Figure 4.4(d). 
While if heat input was reduced, the keyhole front wall bent against welding direction 
and the distance between welding torch and keyhole exit would decrease, as 
demonstrated previously in Figure 4.3(a). In this case, plasma gas flow field changed 
significantly as shown in Figure 4.6(b). Almost all of the plasma jet was guided 
towards the lower region of the rear keyhole wall. As the current used in Keyhole TIG 
welding process was relatively high, the pressure associated with plasma jet flow could 
overcome the surface tension coming from the trailing weld pool. The trailing weld pool 
was heavily deformed, part of the molten metal was pushed towards the front weld pool 
surface, and hump appeared in the weld center. Similar phenomenon was also observed 
in keyhole PAW [106]. This kind of hump may facilitate the formation of undercut. 








Figure 4. 6 Schematic of plasma gas flow inside keyhole; (a) High heat input; (b) low heat input 
 
4.3.4.2 Influence of arc length 
 
The fusion zone profiles of samples with different arc length are shown in Figure 
4.7(a)-(d).  The front side width shows a generally upward trend with increasing arc 
length, whereas the root width does not experience significant variation except for the 
sample with 7mm arc length in which incomplete penetration occurred, as shown in 
Figure 4.8(a). The phenomenon is a result of the decrease in energy density and arc 
stiffness associated with too high an arc length, decreasing the ability of the arc to 
penetrate through the plate. The fusion zone area levels off up to 5mm arc length and 
then decreases due to incomplete penetration, while the HAZ area witnesses 
consistently increasing trend with larger amplitude, which in turn leads to decreasing 
melting efficiency, as illustrated in Figure 4.8(b). As with conventional TIG welding, 
the distribution of arc radius and anode heat flux expands in the radial direction with 
increasing arc length, which leads to wider area covered by arc column and accordingly 
increased HAZ area. It is interesting to note that the width in the keyhole lower region 
decreased slightly when arc length was increased from 1mm to 3mm, although the total 
power input was increased.  It is known that the heat flux of anode decreases with arc 
length [107], with the most drastic change in the range from 1 mm to 3 mm, as 
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demonstrated by Dong et al. [108]. Thus, the effect of decrease in heat flux dominated 
over the effect of increase in power input, which led to the reduced melting in the 
keyhole bottom region. When the arc length was increased from 3 mm to 5 mm, the 
width in the keyhole lower region experienced slight increase, meaning that the increase 
in power input was more significant than the decrease in heat flux with arc length 
ranging from 3mm to 5mm.  
  
  
Figure 4. 7 Macrograph of four welds with different arc length; (a) Test 1 (La=1mm); (b) Test 2 
(La=3mm); (c) Test 3 (La=5mm); (d) Test 4 (La=7mm)    
 
    
                         (a)                                                    (b) 
Figure 4. 8 Variation curve with arc length; (a) Weld width; (b) Weld area  
 
4.3.4.3 Influence of gap distance between two plates 
 
In case where gap distance between two plates was used, weld pool saw different 
degrees of depression, together with wider root bead width, as shown in Figure 4.9(a) 
and (b).  Figure 4.10(a) indicates that the font side width was kept almost unchanged 
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with increasing gap distance between two plates, whereas the root width increased 
dramatically from 1.2 mm up to 4.8 mm. It is because with increasing gap distance 
between two plates, more heat can be delivered directly to the keyhole bottom region, 
which causes more melting on the backside and accordingly wider root bead width. The 
fusion zone area remained almost constant, while the HAZ area saw a clear decrease 
with increasing gap distance, as indicated in Figure 4.10(b), which resulted in increased 
melting efficiency with increasing gap distance between two plates. The increase in 
melting efficiency is similar to the condition under which heat input was changed. As 
shown in Figure 4.11, when close square butt joining was used, the fusion line 
exhibited smaller slope and the keyhole exit was smaller as well. Less arc plasma can be 
ejected from the keyhole exit, resulting in more heat conduction into the HAZ. In 
contrast, when gap distance between two plates was used, the slope of fusion line 
became steeper, indicating that larger keyhole exit was produced. Thus, more arc 
plasma can be ejected from the keyhole exit, leaving less heat conducted into the HAZ. 
In addition, due to the existence of pre-set gap distance between two plates, part of the 
arc plasma can even pass through directly, allowing for further release of energy. That 
was why the HAZ area decreased dramatically even with constant heat input. 
  
Figure 4. 9 Macrograph of two welds with different gap distance between two plates; (a) Test 8 
(1mm gap); and (b) Test 9 (2mm gap) 
 
      
                         (a)                                                        (b) 




    (a) 
        
    (b) 
Figure 4. 11 Schematic of plasma trajectory and heat conduction; (a) Weld without gap distance 
between two plates; (b) Weld with gap distance between two plates 
 
4.3.5 Force analysis on weld pool 
 
As shown in Figure 4.12, in K-TIG welding, the forces acting on weld pool consists 
mainly of arc pressure (Fa), surface tension (Fs)  and liquid gravity (Fg). In addition, the 
friction between the liquid pool and solid wall as well as the supporting force of the 
solid wall needs to be taken into consideration [109]. It is worth noting that the root 
bead width in Test sample 12 is much wider than that in Test sample 7. In order to make 
64 
 
a comparison between them, which represent two critical points for failing to support 
the weld pool, detailed analysis on these forces are shown below: 
The overall forces is defined as the resultant force on the rear pool in the vertical 
direction. Since the thickness of the materials is a constant, the liquid pool gravity is 
supposed to be equal 
                                                        Fg1 =  Fg2                                                                    Eq.(3.1) 
The frictional force at the interface between solid and liquid is a function of both the 
temperature and the material properties, thus it is reasonable to suppose  
                                                        Ff1 ≈ Ff2                                                                       Eq.(3.2) 
The supporting force of solid wall on the weld pool is in a direction perpendicular to the 
fusion line. Due to very similar slope of the fusion line in both sample, the supporting 
force in the vertical direction, which equals to Ft·cos θ, is supposed to be almost the 
same. Therefore, 
                                                       Ft1 ≈ Ft2                                                                        Eq.(3.3)                                                                           
The surface tension in the liquid pool follows Yound-Laplace equation 
                                                 Fs = γ (1/r1 + 1/r2)                                            Eq.(3.4)                                                  
Where γ represents surface tension coefficient, r1 and r2 are the curvature radius which 
are the radius of bottom weld pool perpendicular to and along the travel direction, 
respectively. Since the backside liquid surface is straight along the travel direction, r2 
equals to infinite and r1 is equal to R.  Eq.(3.4) can therefore be simplified as 
                                                          Fs = γ/R                                                    Eq.(3.5) 
Base on the value of R obtained in Figure 4.4,   it follows that 
                                                       Fs1 ≈ 1.32Fs2                                                             Eq.(3.6)                                                  
It is known that Fa is proportional to the square of welding current following Converti 
model [54] 
                                                                    Fa ∝ I2                                                                             Eq.(3.7) 
Therefore, it is reasonable to suppose 
                                                       Fa1 ≈ 1.28 Fa2                                                           Eq.(3.8) 
It is evident that the downwards force in Test sample 7 is larger than that in Test sample 
12 due to larger arc pressure induced from higher welding current, which requires 
higher surface tension or narrower root bead width to hold the weld pool. In addition, 
from the variation amplitude of surface tension and arc pressure, it is reasonable to 
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believe that the arc pressure acting on the rear weld pool is in the same order of 
magnitude as surface tension owing to the high arc current applied during the K-TIG 
welding process. This indicates that the welding current may play a major role in 
determining the weld root width and therefore process stability.  
 




Using twelve specially designed experimental groups, the effects of welding parameters 
on weld formation and arc shape have been investigated in detail. The main conclusions 
are drawn as follows: 
 
(1) Surface formation was easily affected by travel speed, heat input and gap distance 
between two plates. Undercut was easily produced when travel speed was higher than 
34.2 cm/min, while zigzag-like ripples were experienced when heat input was too high 
or gap distance between two plates reached 2 mm. Filler materials are needed to 
compensate for the underfill associated with gap distance between two plates. Too low a 
heat input tended to produce hump in the weld centre due to the change in both keyhole 




(2) Arc shape was closely linked to the longitudinal cross section, which is a function of 
heat input level. The slope of keyhole rear edge and deflection angle of arc plasma 
decreased from incomplete penetration with lower heat input to full penetration with 
higher heat input, whereas the slope of keyhole front wall experienced the opposite 
tread.  
 
(3) Melting efficiency increased with increasing heat input and gap distance between 
two plates, but decreased with increasing arc length. The arc length from 1 mm to 5 mm 
was found to be the most appropriate for the K-TIG welding process.  
 
 (4)  Force analysis reveals that the arc pressure acting on the weld pool is in the same 
order of magnitude as surface tension, which may play a major role in determining weld 























As the current welding technology used for joining armour grade Q&T steel is 
expensive and not efficient, the feasibility of K-TIG for joining such kind of steel has 
been presented. Single pass defect free weld can be achieved as long as the process 
variables were controlled within reasonable range, as demonstrated in above chapter. 
However, microstructure and mechanical properties of the welded joint are the key 
factors which determine whether this welding technology is suitable or not from the 
perspective of metallurgy. Thus, in order to test the suitability of K-TIG for welding 
armour grade Q&T steel, detailed analysis on microstructure and mechanical properties 
of welded joint is required.  
 
In this chapter, K-TIG welding was conducted on 9 mm-thick armour grade Q&T steel 
in flat position. Detailed characterization of microstructure in both the WM and HAZ as 
well as mechanical properties of the weldment were carried out by means of OM, SEM, 
EBSD, EDS, hardness test, tensile test and Charpy impact toughness test. The results 
give a general idea on the suitability of K-TIG for welding such steel. 
 
Publications No.1 forms the main context of this chapter. 
 
5.2 Experimental procedure 
 
5.2.1 Welding set-up  
 
The welding machine used in this study is manufactured by Keyhole TIG Limited (an 
Australian company). It consists mainly of a K-TIG 1000 AMP power supply, a control 
cabinet, a water cooler, a specially designed K-TIG torch and a control computer used 
to sense and display welding parameters, such as welding current, arc voltage. The torch 
was operated in DCEN mode. Both bead-on-plate and butt joint trials were conducted 
using a Bugo linear track to control the speed and movement of the torch as well as the 
arc length between the electrode tip and the workpiece. A clamping unit is used to fix 
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the specimen on the worktable in order to prevent distortion resulting from thermal 
expansion. The schematic of the welding system is shown in Figure 5.1. 6.4 mm 
diameter tungsten electrode was used with small addition of lanthanum in order to 
provide suitable electrical characteristics. The electrode tip angle used is 45 degree.  
The surface of the sample near the edge on both sides was ground before welding in 
order to remove surface contaminants, such as oil, rust and oxide scales. The edges of 
the two plates were in close contact with each other with no joint gap. The square edges 
were milled till 90 degree and then degreased by acetone. The joint was manually 
aligned with the torch before welding.  
 
Figure 5. 1 K-TIG experimental system 
 
5.2.2 Procedure development 
 
Some bead-on-plate welding trials were first conducted on 9 mm armour grade Q&T 
steel before identifying the optimal combination of welding parameters. Then, optimal 
welding parameter combination was selected, as shown in Table 5.1. Subsequent to the 
welding, detailed joint characterization was conducted on the joint with the best surface 







Table 5. 1   
Welding parameters 
Welding parameters Detail 
Current, A 565 
Voltage, V 16.99 
Travel speed, cm/min 28 
Energy input, KJ/cm 20.57 
Shielding gas Pure argon 
Arc length, mm 1.2 
Shielding gas flow rate, L/min 25 
Filler wire none 
 
5.2.3 Macro- and microstructural characterization  
 
The photos of surface morphology of the four weldments were taken by a Nikon digital 
camera Leica M205A stereomicroscope was utilized to capture the overall profile of 
weld cross section of the four weldments which were sectioned transverse to the 
welding direction. The extracted samples were hot mounted by Struers Citopress 20 hot 
mounting machine using Polyfast resin.  Subsequently, the mounted samples were 
subjected to grinding with 220# SiC paper for 3.5 minutes, followed by polishing with 
different size of cloth from 9µm down to 1µm using Struers Tegrapol 21 automatic 
grinder and polisher. The polished samples were etched in 2% nital to reveal the joint 
microstructure which was examined by both Leica DMRM OM and JEOL JSM-7001F 
Field Emission Gun SEM. EDS line scanning analysis was undertook using an Aztec 
2.0 Oxford EDS system to reveal the precipitates in the HAZ area. Detailed microscopic 
analysis, such as misorientation angle distribution map, band contrast map and phase 
map were conducted using the same SEM equipped with an EBSD system. The EBSD 
sample was mechanically polished up to colloidal silica stage. The SEM equipment was 
operated at an accelerating voltage of 20 kV and probe current of 5 nA with the sample 
tilted 70 degree relative to horizontal in order to generate sufficient Kikuchi pattern 
intensity. The resolution of CCD camera was 1344x1024 pixels and 4x4 binning was 
used. In order to eliminate spurious boundaries caused by orientation noise and retain 
orientation contrast, boundaries with misorientation less than 2° were not taken into 
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account. The data was analyzed by HKL Channel 5 software developed by Oxford 
Instruments HKL. 
 
5.2.4 Mechanical test 
 
Vickers microhardness test and transverse tensile test were carried out in accordance 
with ASTM E384-16 and ASTM E8/E8M-16a guidelines respectively. The hardness 
survey was conducted using Struers DuraScan-70 automatic hardness tester at a depth 
2mm below the weld top surface across all the weld region, including WM, HAZ and 
parental metal. The results were obtained at an interval of 0.5mm under a load of 1kg 
for 10s dwell time and then averaged to gain representative hardness value with lower 
error. The tensile specimens was extracted in a direction perpendicular to the welding 
direction, with the weld bead located in the middle of the specimen. The tensile tests 
were carried out at room temperature at a constant strain rate of 1mm/min-1 using 
Instron 8800 universal testing machine with capacity up to 500KN. An extensometer 
with a nominal gauge length of 50 mm was used to measure the deformation of the 
specimens during tensile test. The tensile samples of parental metal were sectioned in 
the same direction as those of weld joint. Leica M205A stereomicroscope and JEOL 
JSM-6490 SEM were used to observe macro and micro fracture surface morphology 
respectively to analyze the fracture mechanism. For tensile tests, three samples were 
tested and the average value were recorded in order to validate the reproducibility of the 
results.  
 




Figure 5.2 is the cross-section image of various sub-zones of joint in as-welded 
condition. The bowl-like shape weld consists of a WM, coarse grain heat affected zone 
(CGHAZ), fine grain heat affected zone (FGHAZ), inter-critical heat affected zone 
(ICHAZ), OT and the base metal. It is well known that grains prefer to grow in the 
direction of heat gradient during welding solidification process [110]. The WM region 
in Figure 5.3(a) presents typical solidification dendrites which grow from fusion 
boundary with lower temperature to the weld centerline with higher temperature in a 
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direction perpendicular to the fusion line, as highlighted by the red arrow. The 
formation of dendrites in WM is attributed to the high heat input of K-TIG welding, 
which leads to a weld pool with relatively large volume as well as low cooling and 
crystallization rate. Therefore, the cooling rate is not sufficient for the formation of 
equiaxed grains in the WM region [62]. High magnification OM image in Figure 5.3(b) 
clearly depicts that the WM consists of plume-like microstructure with aligned carbide 
characteristic of upper bainite, along with lower bainite with carbide particles between 
as well as within subunits, both of which form by nucleation from prior austenite grain 
boundary and growth of bainitic ferrite sub-units and precipitation of cementite from 
residual carbon-enriched austenite in and between them [18]. In addition, sympathetic 
nucleation of bainite plates from existing sheaves is also observed, which is another 
common feature of bainite transformation [111]. High magnification SEM image in 
Figure 5.3(c) also indicates the formation of small amount of granular bainite with the 
Martensite and Austenite (M-A) constituents dispersed in the polygonal or bainitic 
ferrite matrix, which tends to form during continuous cooling. The M-A constituent is 
associated with carbon enrichment resulting from carbon partitioning during polygonal 
or bainitic ferrite transformation [112]. The upcoming partial transformation from 
austenite to martensite lowers the Ms temperature and drives Mf locally further and 
further down, eventually resulting in certain amount of untransformed austenite. In 
addition, accommodation of transformation strain via plastic deformation generates 
dislocations in austenite, which could also stabilize the austenite through mechanical 
stabilization [14]. Further investigation into the retained austenite in the fusion zone was 
carried out using EBSD obtained with 0.075 µm step size in order to detect small RA. 
The combined band contrast map and inverse pole figure (IPF) of austenite was shown 
in Figure 5.3(d). It is noteworthy that only the austenite larger that 225nm can be 
detected by EBSD due to the 75nm step size utilized. The fraction of RA in fusion zone 
is around 1.5% and they are mainly distributed adjacent to prior austenite grain 




Figure 5. 2 Macrographs of joint cross section showing different regions 
 
7   
   
Figure 5. 3 Microstructure of WM: (a) OM image of fusion boundary, (b) High magnification 
OM image of WM, (c) SEM image of WM, and (d) band contrast and IPF maps of austenite in 
WM (M: martensite, UB: upper bainite, LB: lower bainite) 
 
In full austenitic region which is composed of CGHAZ and FGHAZ, all of the tempered 
martensite has transformed to austenite which decomposes upon cooling and different 
kinds of products are formed, depending on the cooling rate and chemical composition 
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of steels in question, or hardenability. In CGHAZ the temperature experienced is 
relatively high so that the redissolution of large amount of stable carbides reduce the 
pinning effect of the second phase on dislocation movement and grain growth, leading 
to an increase in size of austenite grain [113, 114]. High carbon concentration and 
addition of austenite stablizers significantly increase the hardenability, with the results 
being that large amount of martensite and small amount of bainite are present in this 
region even with air cooling as indicated in Figure 5.4(a). It was clearly shown in 
Figure 5.4(b) that except for grain size difference, the fraction of martensite in FGHAZ 
increases compared with CGHAZ. In principle, smaller prior austenite grain size results 
in lower hardenability because the grain boundary area per unit volume increases with 
decreasing prior austenite grain boundary. The nucleation sites for pearlite and ferrite 
are increased in number, which speeds up these transformations and in turn leads to the 
decrease in hardenability [18]. This unusual phenomenon might be a result of faster 
cooling rate experienced due to lower peak temperature experienced in FGHAZ as well 
as high hardenability of the materials itself. This also indicates that the effect of cooling 
rate dominates over that of grain size in terms of hardenability. This situation was also 
reported in [115] during SAW of Q&T steel. 
   
Figure 5. 4 SEM images of full austenitic region: (a) CGHAZ, and (b) FGHAZ. (M: martensite, 
B: bainite) 
 
The ICHAZ, which refers to the region that has been heated to temperature between 
Ac1 and Ac3, consists of freshly formed martensite, bainite and polygonal ferrite. The 
increase in fraction of polygonal ferrite at the expense of martensite and bainite in 
ICHAZ is evident as depicted in Figure 5.5(a), which is attributed to lower 
hardenability resulting from smaller austenite grain size compared with CGHAZ and 
FGHAZ as well as smaller fraction of reformed austenite in the intercritical region. 
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However, it is worth noting that the polygonal ferrite in this region may form via two 
different mechanisms. One comes from the nucleation of austenite at ‘α’ grain 
boundaries when being reheated to the intercritical temperature regime that lies between 
Ac1 to Ac3 and transformation to martensite, bainite and polygonal ferrite upon cooling 
[114]. The other is a result of elimination of the fine martensitic crystals, say laths, and 
formation of equiaxed ferritic grains during high temperature tempering, a variation in 
microstructure ascribed to recovery and recrystallization mechanisms associated with 
the migration of the low angle boundaries that separated parallel martensite crystals 
with the same orientation as well as the rearrangement of the large angle parallel 
boundaries to form equiaxed ferritic grains in order to minimize grain boundary energy 
[12, 18]. The recovery process usually involves migration of boundaries with lower 
dislocation density, say lath boundaries, and dislocation cells towards higher dislocation 
density boundaries, i.e., block and prior austenite grain boundaries, which leads to 
complete disintegration of the laths [116]. High magnification of SEM in Figure 
5.5(b)clearly shows the equiaxed non-aligned carbides inside ferrite crystallites, which 
were further investigated using EDS line scanning. Figure 5.5(c) reveal that the iron 
content decreases appreciably across the matrix-particle interface, whereas the carbon 
concentration saw an evident increasing trend, with the content of other alloy elements 
kept almost constant. This indicates that the carbides formed in the annealed martensite 
are cementite particles. It is because the diffusion rate of substitutional alloy elements is 
very slow, they are unable to partition into the cementite or to form alloy carbide due to 
very short holding time during welding process, although the peak temperature 





Figure 5. 5 Microstructure and EDS analysis of ICHAZ: (a) low magnification SEM image, (b) 
High magnification SEM image of red rectangular area in (a), and (c) EDS line scanning across 
particles in (b)  (F: Polygonal ferrite, C: Carbides) 
 
The over tempered (OT) region presents typical tempered martensite microstructure 
similar to the base metal with the exception of large amount of cementite precipitated 
both along prior austenite grain boundaries and inside grains as shown in Figure 5.6(a). 
These cementite are the representative product associated with high temperature 
tempering during which cementite nucleates from transition carbide and then grows 
rapidly with increasing temperature [12]. High magnification image in Figure 5.6(b) 
depicts the existence of both plate-like cementite and quasi-spherical cementite as 
highlighted by yellow arrow and red arrow respectively. Compared with very fine plate-
like carbides in base metal shown in Figure 5.6(c), both the two kinds of cementite in 
OT region is much larger owing to the growth of cementite via ripening effect at high 
tempering temperature.   It was reported that non-isothermal tempering occurs generally 
during welding involving rapid heating, negligible holding time at tempering 
temperature. Unlike the coarse and spheroidized cementite in isothermal tempering, the 
formation of fine plate-like and quasi-spherical cementite was primarily ascribed to the 
synergistic effect of delay in cementite precipitation and insufficient holding time for 
carbon diffusion due to rapid heating that suppress the coarsening and spheroidization 
of cementite [116]. What is more, it was also reported that the temperature at which 
cementite precipitation initiates is increased by increasing the heating rate to tempering 
temperature, which leads to a higher nucleation rate and a finer dispersion of cementite 
as a result [8]. This phenomenon was also present in the subcritical zone of laser beam 
welded joint and documented in [117]. As shown in Figure 5.6(d), the EDS line 
scanning across the particle-matrix interface in the OT region presents similar tread as 
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that in ICHAZ, further confirming that the particles formed in the OT region are also 
cementite and that the holding time is insufficient for the substitutional atom to 
rearrange. 
  
   
Figure 5. 6 Microstructure and EDS analysis of OT region: (a) SEM image of OT region, (b) 
high magnification SEM image of OT region,(c) high magnification SEM image of BM, and (d) 




The Vickers microhardness profile of the weld is shown in Figure 5.7. It is generally 
accepted that the hardness is closely related to grain size, phase balance and dislocation 
density. The hardness in the WM ranges from 320HV to 360HV, which is in good 
agreement with the predominant presence of bainite in this region.  It is evident that the 
highest hardness (458HV) is present at the full austenitic region where large fraction of 
untempered martensite containing large amount of dislocations forms with small 
amount of bainitic structure. The hardness gradually decreases while moving on to 
ICHAZ due to the lower fraction of austenite formed and subsequent decomposed 
product, such as martensite and bainite. It is worth noting that the freshly transformed 
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martensite in ICHAZ has higher carbon levels than nominal carbon concentration of the 
steel on account of the austenite grains richer in carbon than average carbon 
concentration as well as annealed martensite in the intercritical region (ferrite plus 
carbides) which is depleted in carbon with respect to average carbon concentration 
[118]. This means that the martensite in this area is supposed to have the highest 
hardness due to higher carbon concentration inherited from carbon-enriched austenite. 
However, this kind of strengthening effect is far less than formation of large amount of 
polygonal ferrite formed at the expense of martensite and bainite, which is the softening 
phenomenon resulting from phase balance. Sharp decrease in hardness was observed 
when moving from ICHAZ to OT region and the lowest hardness value (295HV) is 
located somewhere between ICHAZ and OT region due to complete loss of martensite 
body-centered tetragonal lattice, precipitation of coarsened carbides, as well as 
dislocation annihilation resulting from recovery at high temperature tempering [119, 
120]. The hardness in OT region saw an increasing trend until it reaches the hardness 
value of base metal since temperature exposed is decreasing, which results in less 
softening effect. 
 
Figure 5. 7 Hardness profile across weld 
 
5.3.3 Tensile properties 
 
The transverse tensile test was carried out using Instron 8800 universal test machine at 
room temperature. Figure 5.8 depicts the engineering stress–strain curves of both 
welded joint and the parental metal. As with the other fusion arc welding, the tensile 
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sample joined by K-TIG also fractured in the WM region. It is shown that the UTS and 
total elongation for base metal are 1680MPa and 12.6% respectively, whereas the UTS 
and total elongation of welded joint are 1080MPa and 4.9% respectively. It is well 
known that the strain hardening response is primarily governed by hardness distribution 
across the weld cross-section as well as microstructure [42]. Therefore, the formation of 
bainitic microstructure in WM region leads to significant decrease in hardness, which in 
turn results in the decrease in overall tensile strength. As shown in Table 5.2, although 
the UTS of the joint produced by K-TIG is 65% of that of the parental metal, it is still 
much higher than that obtained via conventional fusion welding because of under-
matching filler materials used. The UTS of the latter is not exceeding 50% of the base 
metal. Moreover, the elongation (4.9%) of the welded joint is not appreciable less than 
that produced by conventional fusion welding technique with under-matching filler 
materials, and is more than twice that obtained via FSW.  
 
 













Table 5. 2   
Comparison of tensile properties among different welding techniques 
Joint type UTS/MPa Elongation (%) Joint efficiency Fracture location 
a SA 650 6.25 50% WM [121] 
b FA 571 5 44% WM [121] 
c FSW 1225 2.3 75% HAZ [42] 
K-TIG 1080 4.9 65% WM 
a SA: SMAW using ASS filler materials; b FA: FCAW using ASS filler materials; c FSW: 
Friction stir welded joint 
 
The fracture surface in base metal shows a typical ductile fracture mode with evident 
fibrous zone and shear lip region, as shown in Figure 5.9(a). This kind of fracture is a 
result of microvoid nucleation as well as subsequent grow and coalescence. Once the 
crack approaches the edge, the stress condition changes to shear from tension,  resulting 
in a fracture around 45 degree relative to the maximum stress direction [122].  In 
contrast, the fracture surface of welded joint presents brittle fracture mode, with very 
small area of crack initiation indicated by red rectangular and large proportion of radial 
zone which indicates rapid crack growth along the crystallographic planes, as depicted 
in Figure 5.9(b). It can be seen from Figure 5.9(c) and (d) that the fibrous zone of both 
fractured samples show deep and equiaxed dimples, suggesting that there is plastic 
deformation occurring before fracturing. Compared with large and deep dimples in 
fibrous zone, the shear lip in fractured base metal sample (Fig. 13e) exhibits shallow 
and stretched dimples, indicating a combined shear and normal separation. The radial 
zone of fractured WM surface shows typical cleavage fracture with river pattern 
characteristics, as depicted in Fig. 13f, which is originated from the crack propagation 




       
  
Figure 5. 9 Tensile fracture surface: (a) Macro-image of base metal; (b) Macro-image of WM; 
(c) SEM image of base metal fibrous zone; (d) SEM image of WM fibrous zone; (e) SEM image 
of base metal shear lip; and (f) SEM image of WM radial zone 
 
5.3.4 Impact toughness 
 
The impact toughness value of weldment was shown in Figure 5.10(a). The lowest 
value was observed in the WM while the highest value was recorded at 5mm from 
fusion line which is the OT base metal. The impact toughness of weld was merely 2.12 J, 
which is less than a tenth of the WM average of 23.6 J.  The toughness saw consistent 
increase from 9.47 J at 2 mm from the fusion line to 46.7 J at 5 mm from the fusion line. 
SEM fractographs of the fracture surface are shown in Figure 5.10(b)-(e). It can be seen 
that the fracture surface of WM consists solely of cleavage facet with “river” pattern 
inside which is characteristic of brittle fracture, as shown in Figure 5.10(b). The 
fracture surface of specimen at 2 mm from the fusion line (Figure 5.10(c)) exhibits 
predominantly cleavage fracture with small amount of dimples along the central ridge. 
The obvious variation in topography within the specimen at 2mm from the fusion line is 
also indicated mixed mode fracture, otherwise known as quasi-cleavage [124]. The 
specimen at 5mm from the fusion line (Figure 5.10(d)) and base metal (Figure 5.10(e)) 







Figure 5. 10 Impact  toughness and fracture morphology of weld: (a) Impact toughness (b) 
Fracture surface of WM; (c) Fracture surface of HAZ 2mm from fusion line; (d) Fracture 
surface of HAZ 5mm from fusion line; and (e) Fracture surface of the Base metal 
 
The poorer fracture toughness of WM compared with base metal is a combined effect of 
bainitic microstructure with M-A constituent, misorientation angle distribution and 
grain size. It is well known that fracture occurs mainly through crack initiation and the 
upcoming crack propagation. As demonstrated by Lan et al. [125], the cleavage fracture 
mechanism is mainly controlled by crack initiation for coarse bainite microstructure. 
The M-A constituent, as shown in Figure 5.3(c) is thought to have detrimental effect on 
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fracture toughness since it is hard and brittle, and is considered to be crack initiation 
sites [126]. In addition, transformation induced residual tensile stress in the region 
adjacent to M-A constituents introduced by the freshly formed martensite transformed 
from retained austenite, together with the decohesion of interface between M-A 
constituents and surrounding bainitic matrix assist and stimulate microcrack initiation, 
which increases the risk of cleavage fracture as a result [125]. Once a microcrack forms, 
the upcoming crack propagation is mainly governed by high misorientation grain 
boundaries [127-129]. The grain boundary maps superimposed on the orientation colour 
map of base metal and WM areas are shown in Figure 5.11(a) and (b) respectively. The 
black lines represent the grain boundaries with misorientation angle larger than 15 
degree, whereas white lines correspond to the grain boundaries with misorientation 
angle between 2 degree and 15 degree. It is well accepted that the high angle grain 
boundaries (HAGB)s resulting from PAG grain and packet boundaries are able to 
efficiently deflect or even arrest the cleavage crack propagation, whereas the low angle 
grain boundaries (LAGB)s never produce a remarkable deflection or arrest of the 
cleavage cracks [130-132]. It is obvious from Figure 5.11(c) and (d) that the proportion 
of HAGB (>15 degree) in base metal (61.6%) is much higher than that in WM (33.1%), 
which in turn leads to more crack deflection and consumes larger energy during crack 
propagation. It was also demonstrated by Lan et al. [125] that high misorientation grain 
boundaries in coarse bainite matrix has very little positive impact on the crack 
deflection and arrest. In terms of grain size, it is known that increased number of grain 
boundaries helps to block crack propagation and increase the energy required for crack 
to propagate as a result [133]. It was also reported that finer grain size is conductive to 
minimizing stress resulting from dislocation pile-up and raise the resistance to cleavage 
fracture [114].  Therefore, the larger prior austenite grain size in WM and inherited 
larger packet size associated with high heat input compared with those in base metal 
increases the possibility of initiated cleavage crack propagation and deteriorate the 
toughness as a result.  
 
The poorer toughness of specimen 2mm from the fusion line can be attributed to the 
similar mechanism to the WM. As the location 2mm from the fusion line refers roughly 
to the CGHAZ, the formation of coarse bainite and untampered martensite in this region 
would have detrimental effect on the toughness. However, compared with the WM, the 
toughness was slightly increased, which is due to the smaller grain size in CGHAZ than 
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that in the WM region. The highest toughness at 5mm from the fusion line is a result of 
over tempering experienced during welding thermal cycle, which reduces the 
dislocation density of the base metal and mitigates the stress concentration, leading to 
increased absorbed energy during fracture process.   
   
  
Figure 5. 11 EBSD map; (a) Grain boundary map for base metal; (b) Grain boundary map for 





 K-TIG welding has been used to weld 9mm thick armour grade Q&T steel in a flat 
position. The main conclusions are drawn as follows: 
 
(1) Single pass full penetration can be achieved on 9mm armour grade Q&T steel with 
K-TIG at a speed of 28cm/min-1 without using any filler materials and edge preparation. 
Incomplete penetration and weld pool collapse occur when welding current is less than 




(2) The highest hardness is obtained in FGHAZ due to the formation of untempered 
martensite and smaller grain size, while the lowest one is present somewhere between 
OT region and ICHAZ owing to OT martensitic microstructure. The hardness 
distribution across the weld is higher than current practice, which would lead to 
improved ballistic performance. 
 
(3) The WM region, which is composed of coarse dendritic structure and predominantly 
bainitic microstructure, contains large proportion of LAGBs, resulting in poorer 
toughness compared with parental metal. The poor toughness at 2mm from fusion line is 
also attributed to large bainitic microstructure, whereas the best toughness at 5mm from 
fusion line is a result of the over tempering of base metal.  
 
(4) Although joint efficiency of K-TIG joined weld is 65%, it is still much higher than 
that produced by conventional fusion arc welding processes. The elongation of K-TIG 
joined weld is not appreciably less than that obtained by conventional fusion welding 
process and is more than twice that produce by FSW. 
 
It can be seen that although the hardness and tensile properties of K-TIG welded HHA 
is better than current practice, the hardness and toughness in the WM region is still far 
less than that of base metal. It is evident that further optimization technology is needed 
to improve the weld microstructure and mechanical properties, especially hardness and 














Except for the high cost and low productivity, it was also reported previously that 
mechanical properties of the armour steel weld produced by conventional fusion 
welding processes with under-matching austenitic filler are significantly decreased, 
especially the hardness in the WM region compared with the base metal hardness, 
which results in much poorer ballistic performance. Although hardness and tensile 
properties of joint produced by K-TIG is better than the weld produced by conventional 
welding with under-matching filler material, the hardness in the WM region was still 
much lower than the base metal and the toughness was extremely poor due to the 
formation of bainitic microstructure in the WM region, which would result in 
unsatisfactory ballistic performance. Considering that K-TIG welding process could 
lead to significant cost savings and higher production rates, if the microstructure in the 
WM region of K-TIG welded joint can be modified, then both excellent materials 
properties and high production efficiency could be achieved. Although physically-based 
modification methods, such as high frequency pulse and water cooling bath, were 
shown to be useful to refine the grain size, the change in microstructure and 
improvement on mechanical properties was very limited. Also, the ultrahigh frequency 
pulse is harmful to health. Therefore, other methods need to be developed to fulfill the 
full potential of the K-TIG welding process and the potential way is to apply filler 
material. As in keyhole TIG welding process, the weld pool distribution under the arc is 
different from conventional fusion welding process due to the formation of a keyhole 
channel, the introduction of filler metal may complicate the interaction between the 
welding arc and the weld pool. Whether the introduction of filler material is feasible in 
K-TIG welding should be evaluated. More importantly, whether the introduction of 
filler materials can produce homogeneous microstructure and improved materials 
properties should also be determined. 
  
As reported in chapter 5, the hardness in the WM region of K-TIG welded armour grade 
Q&T steel joint is lower than the base metal due to the formation of coarse bainitic 
microstructure, which leads to low joint efficiency. In addition, the toughness of K-TIG 
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welded armour grade Q&T steel WM is extremely low due to the large grain size as 
well as the low fraction of HAGBs which plays a very important role in inhibiting crack 
propagation. In order to increase both the hardness and the toughness in the WM region, 
the change in microstructure from bainite to martensite is a potential solution. On one 
hand, martensite is much harder than bainite, which can increase the joint efficiency. On 
the other hand, martensite possesses higher fraction of HAGBs coming from its 
substructure, such as packet and block. Thus, the study in this chapter is intended to 
change the hardenability of the WM and facilitate the transition from bainite to 
martensite.  It is known that both chromium and nickel possess a high contributing 
coefficient (1/5 and 1/15 respectively) in the formula of carbon equivalent, which is 
normally applied during welding and is related to the critical cooling time for the 
formation of full martensitic structure [134]. Therefore, this chapter will investigate the 
effectiveness of introducing ER308 austenitic filler metal into the K-TIG welding 
process for modifying the WM microstructure of a medium-thickness HHA joint. In the 
following session, the material and fabrication methods will be described. The metal 
transfer behaviour will be analyzed and a detailed characterization of the weld joint will 
be presented, including microstructure, hardness, tensile properties and impact 
toughness. 
 
Publications No.2 forms the main context of this chapter. 
 
6.2 Experimental procedure 
 
The filler wire used in this study was ER308 austenitic filler materials respectively, with 
its chemical composition listed in Table 6.1. Single pass full penetration was achieved 
using a welding machine manufactured by Keyhole TIG Limited with capacity of up to 
1000A. Bead-on-plate welding experiments were conducted on all the eight tests, while 
close square butt joint welding experiments were also conducted on both Test 1 and 3 
samples for undertaking tensile and impact tests. The dimension of bead-on-plate test 
plate was 250 mm x 140 mm, while two plates, each with dimension of 250 mm x 140 
mm were used to conduct close square butt welding experiments.  For close square butt 
joint, the edges of the two plates were in close contact with each other with no joint gap. 
The square edges were milled till 90 degree. The surface of the plates and square edges 
were ground and cleaned by acetone before welding. As reported by Jarvis and Ahmed 
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[51], wider electrode diameter and smaller electrode tip angle can induce a more 
constricted arc and reduce the threshold current to achieve full penetration. Therefore, 
6.4mm diameter electrode with 45 degree tip angle were chosen based on the reference 
data in the literature. The most appropriate arc length during K-TIG welding was found 
by Feng et al. [62] to be 2.5mm. After the electrode geometry and arc length were 
properly identified, the most important welding parameters controlling the weld 
formation, such as welding current and travel speed were adjusted by control variable 
method. Then, matching current and travel speed values producing full penetration with 
good bead appearance were identified and selected. In order to observe the free slight 
transfer mode, 8mm arc length was also applied. Detailed welding parameters are 
shown in Table 6.2 and Table 6.3. During the welding process, filler wire was fed into 
the weld pool from the leading side using a generic wire feeder. A high frame-rate 
digital camera was placed perpendicular to the travel direction to capture the metal 
transfer behaviour. The frame rate was set at 1KHz and 3KHz for Tests 2 to 4 and Tests 
5 to 8 respectively. The worktable was moved at the preset speed while the welding 
torch was kept stationary to simplify observation of welding process. The schematic of 
the welding system is shown in Figure 6.1. The plates were preheated at 150oC prior to 
welding in order to reduce the risk of hydrogen assisted cold cracking. 
 
Table 6. 1  
Chemical composition of ER308 filler (wt.-%) 
                 C Si Mn P S Ni Cr Fe 











Table 6. 2  
Fixed welding parameters 
Process parameters Details 
Current, A 480 
Travel speed, mm/min 350 
Shielding gas Pure argon 
Shielding gas flow rate, L/min 25 
Wire feeding angle (degree) 40 
Filler wire ER308 
Wire diameter (mm) 1.2 
Operation mode DCEN 
 
Table 6. 3   
Variable process parameters for all test sample 
Test number Wire Feed Speed (WFS) (cm/min) Arc length (mm)                   Joint type 
1 0 2.5     Bead-on-plate/ Square butt 
2 36 2.5 Bead-on-plate 
3 85 2.5      Bead-on-plate/ Square butt 
4 158 2.5 Bead-on-plate 
5 300 2.5 Bead-on-plate 
6 158 8 Bead-on-plate 
7 220 8 Bead-on-plate 






Figure 6. 1 Schematic of K-TIG welding system with filler wire  
 
After welding, the joints were sectioned and polished for both macro- and micro 
characterization by Leica M205A stereomicroscope as well as Nikon Eclipse 
LV100DNA OM and JEOL JSM-7001F field emission gun SEM respectively. 2 % nital 
was used as an etchant to reveal the microstructure. EDS point analysis was conducted 
on the welded joint at three different locations in order to calculate the dilution rate of 
WM. Vickers microhardness was carried out along the through-thickness direction as 
well as the transverse direction across the weld at an interval of 0.5mm with a load of 
1kg and 10s dwell time using Struers DuraScan-70 automatic hardness tester. The 
tensile tests were undertaken as per ASTM E8 standard. The tensile tests were 
undertaken at room temperature at a constant strain rate of 1mm/min-1 and a 50mm 
gauge length using an Instron 8800 universal testing machine. An extensometer with a 
nominal gauge length of 50 mm was used to measure percentage elongation. Charpy V-
notch impact tests were carried out as per ASTM E23 standard. The notch was made in 
the middle of WM for Test 1 and Test 3 samples. The impact tests were performed at 
room temperature. For tensile and impact tests, three samples were tested in each case 
and an average values were taken into consideration from three samples in order to test 
the repeatability of the results.  The fracture surface of the welded joint was observed by 




6.3 Results and discussion 
 
6.3.1 Metal transfer behaviour 
 
For cold-wire TIG welding, the metal transfer modes can be divided into four types, 
namely intermittent wire melting, uninterrupted bridging transfer, interrupted bridging 
transfer and free flight transfer [135]. As shown in Figure 6.1, in the K-TIG process the 
weld pool in front of the keyhole channel is very thin due to its keyhole nature,  as 
demonstrated by Li et al. [136], which makes it difficult in practice to accurately feed 
the wire towards the weld pool to achieve uninterrupted bridging transfer. In addition, 
the dilution rate will be significantly affected with intermittent wire melting. Therefore, 
the other transfer modes become the typical practice in K-TIG welding.  
 
The metal transfer behaviour of the tests with 2.5mm arc length is shown in Figure 6.2. 
All the three tests with 2.5mm arc length and applied filler materials (Tests 2 to 5) show 
typical interrupted bridging transfer mode, which is very similar to short circuit transfer 
mode in the GMAW process. Once the droplet size reaches a critical level, it touches 
the weld pool and transfers into the weld pool through surface tension effects and the 
wire is then separated from the weld pool.  The metal transfer period ranges from 216ms 
in Test 3 to 33.5ms in Test 5 as the WFS increases due to increased melting speed as the 
wire moves closer to arc column. The droplet in Test 5 sees evident growth before it 
touches the weld pool since the distance between the droplet and the weld pool 
increases when the wire goes further into the keyhole channel. Therefore, a larger 
droplet is required to make contact with the weld pool to finish the transfer. It is noted 
that the WFS achievable in K-TIG is much faster than that in PAW (less than 





Figure 6. 2 Metal transfer behaviour with different WFS at arc length of 2.5mm (a) Test 3 
(WFS=85cm/min); (b) Test 4 (WFS=158cm/min); (c) Test 5 (WFS=300cm/min) 
 
In Tests 6-8, the arc length is increased to 8mm. As can be seen from Figure 6.3(a) and 
(b), the droplet grows slowly and it is not possible for the droplet to touch the weld pool 
for the long arc length. Once the droplet grows large enough, its weight overcomes the 
surface tension force that suspends it from the wire and it drops onto the weld pool 
through globular transfer which is the same as that seen in the GMAW process. The 
transfer period is longer than that of interrupted bridging transfer. For Test 8 with 
300cm/min WFS, the wire tip is closer to the arc column and is partially melted due to 
the very high arc temperature, resulting in a quasi-tapered shape of the electrode end, as 
shown in Figure 6.3(c). It is observed that the transfer frequency becomes extremely 
high (less than 2.33ms) by tracking the droplet highlighted by red arrow. According to 
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static force balance theory proposed by Waszink and Graat et al. [138], the resultant 
detaching force on a droplet can be expressed as follows: 
                                   Fd = Fg + Fa+ Fem – Fv − Fσ                                        Eq.(6.1)  
Where Fg , Fem, Fv, Fa, Fσ  represent gravity, electromagnetic force, vapour jet force, 
plasma drag force and surface tension respectively. As the tapered electrode end induces 
a dramatic reduction in Fσ, the mass dependent Fg is also much reduced. Therefore, the 
droplet would be detached at a much smaller size and the transfer frequency was 
considerably increased accordingly. This transfer mode is very similar to streaming 
transfer mode in GMAW.  
 
Figure 6. 3 Metal transfer behaviour with different WFD at arc length of 8 mm (a) Test 6 
(WFS=158cm/min); (b) Test 7 (WFS=220cm/min); (c) Test 8 (WFS=300cm/min) 
 
Considering that in the free flight transfer mode, the transfer frequency is much slower, 
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which would allow the liquid droplet to be exposed to high temperature for longer time 
and thus lead to loss of alloy element. Also, free flight transfer mode tends to generate 
spatter defect. Therefore, interrupted bridging transfer mode is considered to be the 
preferential way to feed the wire in K-TIG welding process. It is worth mentioning that 
for Test 2 with WFS as low as 36cm/min, repelled globular droplet was experienced 
when wire was fed from the leading side of the weld pool. When the WFS is very low, 
the wire tip melts at the arc edge region, and the forces of Fa  and Fem are very small, so 
the vapour jet force acts as a dominant repulsive force to prevent the droplet from being 
detached, leading to wobbling of the droplet and irregular transfer behaviour. For this 
reason, the wire was fed into the weld pool from the trailing side of the weld at this low 
value of WFS. 
 
6.3.2 Macrostructure and dilution 
 
Samples from Tests 1-4 were chosen for further characterization, with macrograph 
shown in Figure 6.4(a)-(d). Single pass full penetration was achieved without any 
visible defects. The WM width (Wf), HAZ width (Wh) and front side reinforcement (h) 
were measured based on the schematic illustrated in Figure 6.4(e).  It is shown in 
Figure 6.4(f) that the introduction of filler materials leads to increased h from 0.36mm 
to 1.1mm.  In addition, both Wf and Wh experience a clearly decreasing trend when filler 
wire is introduced to the weld pool, especially when the wire is fed from the leading 
side. This is due to the fact that increased metal vapour emanating from the molten wire 
increases the radiation loss because of the difference in net radiation coefficient between 
argon and metal vapour, which allows the constriction of arc isotherms to occur [139, 
140].  
 
EDS X-ray analysis was carried out in three zones in the WM region, namely the upper, 
middle and lower regions, as indicated by blue dots in Figure 6.4(e). Since the ER308 
filler material is rich in chromium and nickel, the content of these two elements are used 
to calculate the dilution rate. The dilution in this study is defined as the weight 
percentage of filler deposited in the WM.  The way in which the dilution rate is 
calculated is shown in Eq.(6.2) and Eq.(6.3) based on the concentration of chromium 
and nickel in base metal and WM. 
                                          20d + 1.05(1-d) = Crw                                            Eq.(6.2) 
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                                          9.5d + 0.19(1-d) = Niw                                           Eq.(6.3) 
Where d is the dilution rate, Crw and Niw represent the average concentration of 
chromium and nickel in the WM respectively. It can be seen that the dilution rate d can 
be obtained by directly solving a linear equation. The dilution rates calculated from 
chromium and nickel are very close, with the average value of them taken into 
consideration and listed in Table 6.4. The average content of chromium and nickel 
increases from 1.05% and 0.19% in the base metal to a maximum of 3.3% and 1.3% in 
the WM. The dilution rate is 2.74%, 6.68% and11.88% for 36cm/min, 85cm/min and 
158cm/min WFS respectively. The chemical composition in the weld varies little along 





Figure 6. 4 Macrograph of K-TIG welded joint with and without filler wire (a) weld without 
filler; (b) WFS=36cm/min; (c) WFS=85cm/min; (d) WFS=158cm/min; (e) schematic of fusion 




Table 6. 4  
 Chemical analysis of WM 
WFS                                               
 (cm/min) 
      Weld chemical composition (wt.-%)     
Dilution rate 
(%) Upper middle Lower Average 
Cr Ni Cr Ni Cr Ni Cr Ni 
36 1.49 0.45 1.62 0.47 1.63 0.41 1.58 0.44 2.74 
85 2.32 0.81 2.43 0.81 2.27 0.78 2.34 0.8 6.68 




The microstructures of base metal and the WM region of four test samples are shown in 
Figure 6.5. The base metal consists of tempered martensite resulting from typical 
quenching and tempering heat treatment, as shown in Figure 6.5(a). In the as-welded 
condition of Test 1 sample, as depicted in Figure 6.5(b), the microstructure of WM 
consists predominantly of bainitic microstructure. With 2.74% dilution, the 
microstructure changes from bainite to a mixture of bainite and martensite as depicted 
in Figure 6.5(c). Once the dilution rate is increased to 6.68%, the microstructure 
becomes fully martensitic (Figure 6.5(d)). A further increase in dilution beyond 6.68% 
has little influence on the microstructure as shown in Figure 6.5(e). High magnification 
SEM image was also taken at WM region of Test 1 and Test 3 samples for detailed 
observation. As shown in Figure 6.5(f), the microstructure of WM in Test 1 sample 
consists of upper bainite with aligned carbides in between bainitic sheaves as well as 
granular bainite which is a combination of irregular-shaped ferrite and dispersed blocky 
or elongated RA/martensite constituent. The microstructure of WM in Test 3 shows 
typical morphology of lath martensite, as depicted in Figure 6.5(g), which is consistent 
with the results from OM.  
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Figure 6. 5 Microstructure of base metal and weld with and without filler materials (a) Base 
metal; (b) WM without filler; (c) WM with 2.74% dilution; (d) WM with 6.68% dilution; (e) 
WM with 11.88% dilution; (f) High magnification SEM of 6(b); (g) High magnification SEM of 
6(d) (B: Bainite, M: Martensite, GB: Granular bainite, UB: Upper bainite) 
 
It is known that the addition of chromium and nickel can change the carbon equivalent 
and influence the Continuous Cooling Curve diagram of investigated armour steel by 
changing the interaction point of cooling curve of WM with phase transformation curve 
of various phases, say ferrite, bainite and martensite and retarding high temperature 
phase transformation. Thus, it can be inferred that for the investigated armour steel, the 
cooling curve of WM interacts with both bainite start and finish line, all the undercooled 
austenite transforms into bainite. With 2.74% dilution from austenitic filler, the bainite 
transformation curve moves rightward, which allows the cooling curve of WM to 
interact only with bainite start line. Thus, the transformation of austenite into bainite is 
incomplete, with the remaining austenite transforming into martensite. Once the dilution 
reaches 6.68% or beyond, the bainite transformation curves moves further rightward, 
with the results being that the cooling curve of WM does not interact with bainite start 
line and enters the martensite transformation region directly, leading to complete 
transformation from austenite to martensite.  
 
The microstructure evolution across the weld is shown in Figure 6.6. The HAZ can be 
divided into four subzones, namely coarse CGHAZ, FGHAZ, ICHAZ and OT region. In 
the CGHAZ, which refers to the region heated to a high temperature during welding 
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thermal cycle, large amount of bainite and small amount of martensite is formed, as 
shown in Figure 6.6(a). Due to the rapid grain growth in the high temperature region, 
the coarse austenite retransforms into coarse martensite and bainite structure. In FG 
HAZ, except for the much smaller grain size, the martensite becomes dominant 
microstructure, with only small fraction of bainite formed in this region, as indicated in 
Figure 6.6(b). It is because in the FGHAZ, the temperature experienced is lower than 
CGHAZ, which leads to faster cooling rate and thus favours the formation of martensite. 
In ICHAZ, which is heated to dual phase α+γ region, part of the martensite in the base 
metal transform to ferrite through recrystallization mechanism, with the remaining 
martensite transforms into austenite. The reformed austenite would transform to 
martensite and bainite upon cooling, resulting in the mixture of martensite, bainite and 
polygonal ferrite in this region, as depicted in Figure 6.6(c). The microstructure of OT 
region adjacent to ICHAZ is shown in Figure 6.6(d) and is composed of heavily 
tempered martensite. Compared with base metal microstructure as shown in Figure 
6.6(e), larger amount of carbide particles precipitated both along prior austenite grain 
boundaries and inside grains, which is a result of high temperature tempering 
experienced in this region.  
    
   
Figure 6. 6 Microstructure of HAZ (a) CGHAZ; (b) Fine grain HAZ; (c) Intercritical HAZ; (d) 








The hardness distribution along the through-thickness direction and the average 
hardness are illustrated in Figure 6.7. The average hardness increases from 340Hv to 
392Hv as the microstructure changes from bainite to the mixture of martensite and 
bainite with 2.74% dilution. When the dilution reaches 6.68%, the hardness increases 
considerably to 528Hv due to the formation of a fully martensitic microstructure. 
Further increase in dilution rate imposes little effect on the increase in hardness due to 
the similar microstructure to the weld with 6.68% dilution, with the hardness being 
530Hv with 11.88% dilution. It can be seen that the hardness of the weld with 2.74% 
dilution experiences the largest hardness fluctuation, which might indicate that it is the 
critical point for the transformation from bainite to martensite. It is also found that 6.68% 
dilution is optimal from the perspective of both increased hardness and cost-
effectiveness. The hardness in the WM region (530Hv) is much higher than the weld 
produced with under-matching filler and is at the same level as the weld deposited by 
specially designed matching filler in [141] with as little as 6.68% dilution from 
austenitic filler compared with the weld consisting of almost 100% percent of specially 
designed electrode material. The hardness distribution across the weld is shown in 
Figure 6.7(c). The hardness of the HAZ increases from around 360-400Hv in the CG 
HAZ to 450-480A in the FGHAZ, followed by the decrease in hardness to the lowest 
point as it moves through ICHAZ to the interaction point between ICHAZ and 
subcritical HAZ. Then, the hardness would increase gradually in the subcritical HAZ 
until it reaches the hardness of base metal (500Hv). The hardness distribution is 
consistent with the microstructure change across the weld. 




Figure 6. 7 Hardness in WM with different dilution (a) Hardness distribution along through-
thickness direction; (b) Average hardness; and (c) Hardness distribution across weld 
 
6.3.5 Tensile properties 
 
Figure 6.8(a) shows the tensile curve of Test 1(no filler) and Test 3 (6.68% dilution) 
joints. All the three Test 1 tensile samples fractured in the WM region while all the 
three Test 3 tensile samples fractured in subcritical HAZ. It can be seen from Figure 
6.8(b) that the UTS and joint efficiency for Test 1 and Test 3 joint are 1078MPa and 
64.2%, and 1169MPa and 70% respectively. The difference in the test results can be 
ascribed to the formation of much harder and stronger matensitic microstructure in the 
WM region. As can be seen from the hardness distribution in Figure 6.7(c), the weakest 
region of HAZ is located in OT region adjacent to ICHAZ where the average hardness 
is around 300-330Hv. For the Test 1 sample without filler dilution, the average hardness 
in the weld is comparable to that in the weakest region. However, due to the very small 
size (less than 1mm) in the weakest region compared with the WM region, the localized 
strain tends to occur in the WM, leading to the final fracture at this region. When filler 
wire is introduced, as in Test 3 sample, the weld hardness is increased to 530Hv. Thus, 
the weakest region becomes longer (more than 3mm) compared with the second 
weakest region in CGHAZ. The localized strain then transfers from the WM region to 
the weakest region across the weld, leading to the change in fracture location from WM 
to the OT region. The elongation of the Test 3 joint is 4.7% which is slightly lower than 
Test 1 joint. This is attributed primarily to the increased strength mismatch associated 
with higher hardness in WM than base metal. A similar phenomenon has also been 
reported in [42] during FSW. As with the hardness improvement, the joint efficiency of 
Test 3 joint (70%) is much higher than joints produced by conventional welding 
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processes (47% and 64% for austenitic and ferritic filler respectively [121]). 
 
The fracture surfaces of these two joints are shown in Figure 6.8(c) and (d). The 
macrographs of the fracture surfaces, inserted in the upper right of the figures show that 
the fracture surface of Test 3 joint is composed solely of fibrous zone and shear lip zone, 
whereas that of Test 1 joint consists predominantly of radial zone. The high 
magnification SEM images of fracture surfaces in the areas highlighted by red circles 
show that Test 3 joint contains dimples typical of ductile fracture, whereas Test 1 joint 
exhibits typical cleavage fracture with river pattern characteristics. The large difference 
in fracture mode is ascribed to the difference in microstructure in the fracture location, 
which is heavily tempered martensitic microstructure in Test 3 sample and bainitic 
microstructure in the Test 1 sample. It is known that the tempered martensite possess 
good toughness due to the large fraction of HAGBs as well as the low stress 
concentration associated with tempering process, which provides great resistance to 
cleavage fracture and results in a ductile fracture mode. For the bainitic microstructure 
in Test 1 weld region, the brittle M/A constituent and low fraction of HAGBs associated 
with upper bainite and granular bainite decrease both crack initiation and propagation 
energy, which will be further discussed in the following section.  





Figure 6. 8 Tensile properties of welded joint (a): Tensile curve (b): Results of tensile test; (c) 
and (d) Images of fracture surface of Test 3 and Test 1 joints respectively 
 
6.3.6 Impact toughness 
 
The impact toughness results of Test 1 sample, Test 3 sample and base metal are 2.1J, 
7.2J and 21.5J respectively, as shown in Figure 6.9(a). This is consistent with the 
macrographs of the fracture surfaces inserted in the upper right of the Figure 6.9(b)-(d). 
The shear lip on the fracture surface of base metal is thick while that on the fracture 
surface of Test 3 sample is relatively thin and the fracture surface is flatter. When it 
comes to Test 1 sample, the fracture surface consists predominantly of bright radial 
zone similar to that in tensile sample, which implies rapid crack propagation and typical 
cleavage fracture mode. High magnification of fracture surface shows that the base 
metal and Test 3 sample are composed of large amount of dimples whereas Test 1 
sample consists of cleavage facet and step. It is worth noting that the dimples on the 
fracture surface of base metal are larger and deeper than Test 3 sample, indicating more 
absorbed energy and a better impact toughness.   
 
 Due to the larger prior austenite grain size and inherited substructure in the WM of Test 
3 sample compared with base metal, the effective grain size, which refers to the total 
length of the grain boundaries with misorientation more than 15 degree per unit area, 
will be decreased, which leads to less crack deflection and arrest, and deteriorates the 
toughness in Test 3 sample.  The increased toughness of Test 3 sample compared with 
Test 1 sample is related to the brittle M/A constituent and the fraction of HAGBs. It was 
reported that large M/A constituent, as the ones shown in Figure 6.5(f) would reduce 
the critical fracture stress based on the classical Griffith Theory and thus make it easier 
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for the debonding of M/A constituents from surrounding bainitic matrix [125, 142], 
leading to reduced crack initiation energy. Once cracks initiate, the subsequent 
propagation is governed by high angle misorientation angle which is regarded as the 
sole effective obstacle for crack propagation. As the lath martensite is known to have 
larger fraction of HAGB compared with granular bainite and upper bainite [142, 143], 
more crack deflection and arrest will be induced, which would consume more energy 
and result in increased impact toughness. Furthermore, except for the lower fraction of 
HAGBs in bainitic microstructure, the HAGBs in coarse bainitic microstructure has 
been reported to have little effect on the deflection and arrest of cracks, and cleavage 
fracture mechanism of coarse bainite is controlled by crack initiation [125]. Therefore, 
rapid crack propagation would occur after initial crack forms, which is consistent with 
the fracture surface. These could probably explain the very poor toughness in Test 1 
sample. Future research will focus on the refinement of grain size in the WM region in 
order to further improve the toughness. 
   
  
Figure 6. 9 Charpy impact toughness (a) Impact results; (b), (c) and (d) Images of fracture 




In summary, the use of austenitic filler material has been successfully introduced in K-
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TIG welding of 6.2 mm HHA plates. Single pass full penetration was achieved at a 
travel speed of 350 mm/min and WSF up to 300 cm/min, providing a large space for 
microstructure modification. Both interrupted bridging and free flight metal transfer 
modes were practical in this process, with the interrupted bridging transfer being the 
preferential way to feed the wire. In the case of very slow WFS (36cm/min), the wire 
needs to be fed into the weld pool from the trailing side of the weld pool in order to 
avoid repelled globular droplet. The use of filler material was found to be very effective 
in modifying microstructure and improving joint properties. As WFS was increased, the 
microstructure in the WM region changes from bainite to a mixture of martensite and 
bainite, and finally to a fully martensitic microstructure. The dilution rate of 6.68% was 
found to be the optimal level from the perspective of improved properties and cost-
effectiveness. The hardness of WM and joint efficiency were increased from 340Hv to 
530Hv and from 64.2 to 70%, respectively. These results are much better than those 
achieved with conventional welding processes using under-matching filler, and are 
comparable to levels obtained by using specially designed matching filler, but with 
much increased production efficiency and cost saving. In addition, the toughness in the 
WM region was increased from 2.1J in the weld produced without filler to 7.2J in the 
weld with filler dilution. The increased hardness and toughness would also lead to much 
better ballistic performance. Although the toughness is improved by adding filler 
materials, it is still much lower than that of base metal, which means that further 
















In principle, welding procedure is supposed to be carefully selected to ensure that 
properties in the weld are similar to the base metal in order to guarantee similarity for 
structural integrity. Thus, it is highly desirable to develop armour steel weld with both 
improved ballistic performance and mechanical properties that satisfy design criteria. 
As can be seen from previous chapter, although the hardness in the WM of K-TIG 
welded HHA is at the same level as base metal via introduction of austenitic filler 
materials, the toughness is still much lower than that of base metal. As the tempering 
temperature for armour grade Q&T steel is very low, there is almost no space for post-
weld heat treatment to improve the weld toughness. This means that the desired 
properties of WM needs to be obtained in as-welded condition. Thus, appropriate 
chemical composition and microstructure for armour steel weld deserves further in-
depth investigation.  
 
In order to maintain high hardness and high toughness in the WM of K-TIG welded 
armour grade Q&T steel joint, additional approach needs to be developed. Since the 
grain size in the WM is much larger than that of the base metal, the toughness is much 
lower even the microstructure formed in the WM is the same as the base metal. Thus, 
other toughening mechanism needs to be introduced to compensate for the loss of 
toughness from large grain size. It is known that austenite has the function of absorbing 
dislocation and deflect or even blunt crack during crack propagation process, which can 
increase the crack propagation length and improve toughness. Thus, the mixture of 
martensite and austenite may have the potential to compete with the base metal in terms 
of both hardness and toughness. In order to produce retained austenite at room 
temperature, large amount of alloying elements, such as Cr, Ni and Mn are needed to 
reduce the martensite transformation start temperature.  This means that higher dilution 
than that can be achieved by using filler materials is needed. In this chapter, in order to 
solve metallurgical issues, K-TIG welding process was used for armour steel welding in 
combination with AISI309 ASS interlayer to further increase the dilution rate. Chemical 
composition and microstructure in the WM region was carefully designed by tailoring 
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appropriate solidification sequence as well as martensite and retained austenite dual 
phase. The performance of the armour steel weld will be evaluated by both hardness and 
toughness at -40 degree. Detailed characterization on the solidification behaviour and 
microstructure will be carried out by thermo-calc simulation, XRD, OM, SEM equipped 
with EDS, EBSD and TEM in combination with focusses ion beam milling. Finally, the 
possible hardening and toughening mechanism of the armour steel weld will also be 
presented. 
 
Publications No.5 forms the main context of this chapter. 
 
7.2 Experimental procedure 
 
The interlayer used in-between armour steel plates for welding is AISI309 ASS. The 
chemical compositions of HHA and 309 interlayer are listed in Table 7.1. The 
microstructure of the base metal consists mainly of lath martensite with very fine 
carbide precipitates, as shown in Figure 7.1(a) and (b). The K-TIG welding machine 
used in this study is composed of a 1000A power supply, a control cabinet, a water 
cooler, a specially designed K-TIG torch and a control computer used to sense welding 
current and arc voltage. The AISI309 interlayer with a trapezoid cross section was 
placed in-between armour steel plates as shown in Figure 7.2. In order to match the 
shape of the interlayer and to ensure no gap between the AISI309 interlayer and the 
base metal, a tailored groove was made on the HHA plate by measuring the base angle 
of the trapezoid interlayer. Pulsed current waveform was used to conduct the welding 
process. Detailed welding parameters are listed in Table 7.2. The surface of the groove 
as well as the surface of the AISI309 interlayer was cleaned with acetone prior to 
welding in order to remove all possible contaminants. The AISI309 interlayer was fixed 
by spot welding at the beginning, middle and end of the plate.  
106 
 
   
Figure 7. 1 Microstructure of the HHA base metal; (a) low magnification of SEM; and (b) high 




Figure 7. 2 Schematic of K-TIG welding process in combination with interlayer 
 
Table 7. 1  
Chemical composition of 309 interlayer (wt.-%) 
                    C Si Mn P S Ni Cr Mo Fe 








Table 7. 2 
Fixed welding parameters 
Process parameters Details 
Peak current, A 550 
Base current, A 230 
Duty cycle 50% 
Pulse frequency, Hz 5 
Travel speed, mm/min 350 
Shielding gas Pure argon 
Shielding gas flow rate, L/min 25 
Back purging gas Pure argon 
Purging gas flow rate, L/min 5 
Arc length, mm 1 
Operation mode DCEN 
 
      After welding, the weld was sectioned for microstructure characterization and 
mechanical tests. The sectioned coupon was hot mounted, ground and polished up to the 
colloidal silica stage and then etched in a solution of 5 g FeCl3, 15 mL HCl and 60 mL 
distilled water. Cross-sectional optical macrographs and detailed optical micrographs 
were captured using a Leica M205A stereoscope and a Nikon Eclipse LV100DNA OM, 
respectively. EDS and EBSD was conducted on a JEOL JSM-7001F field emission gun 
SEM operating at 15 kV accelerating voltage, ~5.1 nA probe current. For EDS mapping, 
a 12 mm working distance was used.  For EBSD, a 0.15 µm step size was used for the 
base metal while both 0.15 µm step size and 0.6µm step size was applied on the WM. 
Post-processing of the EBSD maps was undertaken using the Oxford Instruments 
Channel-5 software suite. In brief, it involved the removal of wild spikes and cyclic 
extrapolation of zero solutions up to five neighbours followed by thresholding the band 
contrast to delineate the unindexed regions. The phase and IPF maps are shown along 
with the misorientation angle histograms of each phase and the interphase region. In 
order to characterize fine-scale microstructural features in regions without inter-
dendritic retained austenite, electron transparent lamellae were produced via liftout on 
an FEI Helios Nanolab G3 CX dual beam FIB-SEM and analysed in a JEOL JEM-
ARM200F TEM operating at 200 kV. XRD experiments were performed on a 
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Panalytical goniometer using Ni-monochromated Cu Kα radiation (λ = 0.154 nm) at 40 
kV and 45 mA in the Bragg-Brentano geometry. The instrument works in a pre-set time 
mode with sample holder spinning during the whole scanning process in order to 
compensate for the preferred orientation. The evolution of relative intensity for all 
samples was measured by varying 2θ from 30° to 140°. Phase volume fraction were 
estimated through rietveld refinement by collecting the integrated intensities of the 
(111)γ, (200)γ, (220)γ and (311)γ peaks of austenite and the (110)α’, (200)α’, (211)α’ 
and (220)α’ peaks of martensite. Dislocation density in martensite was estimated 
through Modified Williamson-Hall (MWH) method. Silicon standard was also scanned 
with the same instrument setting as experimental samples to account for the instrument 
broadening. Vickers microhardness indentation was undertaken across the weld in the 
transverse direction 2 mm below the front surface at 0.5 mm intervals using a 1 kg load 
on a Struers DuraScan-70 automatic hardness tester. Charpy impact toughness testing 
was conducted at -40 °C using subsize specimens in accordance with the ASTM E23 
standard. The fracture surface was observed using a JEOL JSM-6490 SEM operating at 




7.3.1 Macrostructure and dilution 
 
The cross-sectional macrostructure of the weld is shown in Figure 7.3(a). Complete 
fusion between the AISI309 interlayer and the HHA base metal was achieved with the 
K-TIG welding process. No evident defects, such porosity, lack of fusion, incomplete 
penetration and cracks were found in the weld. However, undercuts were present in the 
weldments in the front surface. This phenomenon was also observed by Cui et al. [144] 
during pulse mode keyhole TIG welding process. This might be a result of stirring 
effect resulting from pulse mode current waveform, which changes the weld pool 
fluidity and cooling rate.  
 
The elemental distribution in the center region of the WM region (yellow square) was 
measured by EDS mapping and is shown in Figure 7.3(b)-3(d). It is shown that both 
chromium and nickel is enriched in the interdendritic region, suggesting a micro-
segregation during solidification. The chemical composition of Ni and Cr was measured 
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by EDS mapping, whereas the concentration of other elements was calculated based on 
the dilution from the AISI309 interlayer. The measured concentration of Cr and Ni in 
the WM were 11.4% and 5.5%, respectively. The average dilution from AISI309 
stainless steel was calculated to be 43.54%. Detailed chemical composition was listed in 
Table 7. 3.  It can be seen that with a specially designed interlayer shape, the dilution 
rate can be ≥ 40%, which provides the design space necessary for microstructure 
modification compared to process using filler materials, as reported in previous chapter. 
   
  
Figure 7. 3 Macrograph and Element distribution map of weld; (a) Macrograph of WM; and 
(b)-(d) Element distribution of Fe, Cr, Ni in WM respectively 
 
Table 7. 3  
Chemical composition of WM(wt.-%) 
                         C  Si Mn     P     S   Ni  Cr  Mo Fe Dilution(%)  
WM              0.183 0.52 0.78 0.0166 0.0036 5.5 11.4 0.141 Bal. 43.54 
 
7.3.2 Phase constituents 
 
The phase constituents in the WM region can be estimated by the Schaeffler diagram 
based on chromium and nickel equivalents. The Creq and Nieq for the WM (Creq ~ 
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12.32, Nieq ~ 11.38) were calculated according to the detailed composition listed in 
Table 7.3 and the calculation formula exhibited in Figure 7.4(a). The weld was located 
in the two phase (martensite and retained austenite) region. The results were further 
confirmed by XRD (Figure 7.4(b)) in which both bcc and fcc phases were detected. 
The volume fraction of retained austenite was 24.6% according to rietveld refinement. 









The optical and secondary electron micrographs of the WM are shown in Figure 7.5. 
The microstructures of the WM comprises martensite and interdendritic retained 
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austenite as indicated by the purple arrow in Figure 7.5(a). The width of retained 
austenite in the weld is ~2-20 µm (Figure 7.5(b) and (c)). In-depth analysis of retained 
austenite was carried out by TEM, as shown in Figure 7.6. The bright-field, dark-filed 
images and corresponding diffraction pattern (Figure 7.6(a)-(c)) show that filmy 
retained austenite ≤100 nm in width was detected in between martensitic laths. In 
addition, highly dislocated substructures were found within martensitic laths (Figure 
7.5(d)), which is characteristic of martensite transformation. No precipitates were found 
in the WM region.  
  
 
Figure 7. 5 Microstructure of WM; (a) OM image of WM; (b) SEM image of WM; and (c) 






Figure 7. 6 TEM images of weld; (a) and (b) Bright and dark field image of the WM 
respectively; (c) Selective area diffraction pattern of the WM; and (d) Dislocations inside 
martensite lath of the WM 
 
Phase band contrast and IPF maps, and phase map are shown in Figure 7.7. Figure 
7.7(a) and (b) depict similar orientations in martensitic laths forming blocks, followed 
by the coalescence of the blocks into packets with different lattice planes. From phase 
maps (Figure 7.7(c)) it is evident that absolute majority of retained austenite is located 
in the interdendritic region. The fraction of retained austenite estimated from EBSD 
phase map is 21%, which is consistent with the XRD results. The smaller fraction 
detected by EBSD is probably a result of large step size used (0.6 µm), which makes it 
impossible to detect smaller retained austenite. The misorientation distribution map of 
martensite is shown in Figure 7.8(a) and (b). As shown by [113], boundary 
misorientations <15o denote laths whereas boundaries between 15° to 45°, 45° to 55° 
and 55° to 62.8° denote prior austenite, packet and block boundaries, respectively. 
Figure 7.8(c)-(f) shows the quantitative statistics of effective grain size (EGS) and 
misorientation distribution.  The 1.24 µm average EGS of the base metal is smaller than 
that of the WM (1.9 µm). The fraction of high-angle grain boundaries of the base and 
WM are similar. The misorientation between martensite and retained austenite is also 
large angle boundaries (~ 45° ), as shown in Figure 7.8(g). 
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Figure 7. 7 EBSD maps of both base metal and WM; (a) and (b) Colour IPF for base metal and 
WM respectively; (c) Phase map for weld meta where red and blue represent martensite and 
austenite respectively  
 
   




    
 
Figure 7. 8 Statistics of EGS and misorientation angle; (a) and (b) Misorientation distribution 
maps superimposed on band contrast map in BCC structure for base metal and WM respectively; 
(c) and (d) EGS for base metal and WM respectively; (e) and (f) Misorientation angle 
distribution for base metal and WM respectively; (g) Misorientation angle distribution between 




The microhardness across the weld is shown in Figure 7.9. As can be seen that the 
hardness distribution in the HAZ is very similar to that in conventional fusion welding 
process. The average hardness in the WM region is much higher than that obtained 
using either austenitic (~250 Hv) or ferritic (~300 Hv) filler materials. Furthermore, the 
hardness of the weld is similar to that obtained using self-designed matching filler 
materials and is very close to the hardness range (470Hv-550Hv) specified for 500 
grade armour steel plate base metal. 
115 
 
    
Figure 7. 9 Hardness results; (a) Hardness distribution across weld; and (b) Average hardness 
for base metal and WM 
 
7.3.5 Impact toughness 
 
The results of impact toughness testing at -40o are shown in Figure 7.10(a). The impact 
toughness of the WM is 7.91 J, which is comparable to the base metal (9.17 J). The 
fracture surface of the base metal exhibits quasi-cleavage fracture mode with 
predominant river patterns inside cleavage facets, along with small fraction of dimples 
(Figure 7.10(b)). Similarly, local cleavage fracture was also observed in the WM 






Figure 7. 10 Charpy impact toughness results; (a) Charpy impact toughness value for base 





7.4.1 Solidification sequence 
 
The equilibrium phase diagram was calculated by Thermo-Calc software based on the 
detailed chemical composition in the WM. The green and purple dotted lines represent 
the solidification sequence of the investigated weld and the critical transition point for 
single austenitic phase solidification mode, respectively. It can be seen from Figure 
7.11 that by carefully  tailoring the ratio of Creq to Nieq, the weld solidified from liquid 
to delta ferrite first, followed by the peritectic reaction from liquid + delta ferrite to 
austenite. On one hand, the solubility of sulfur and phosphorous in delta ferrite is much 
higher than that in austenite, which leads to less impurity segregation at grain 
boundaries compared to single austenitic solidification mode in high carbon high nickel 
welds and suppresses the initiation of solidification cracking. On the other hand, for 
welds solidifying in the primary ferritic mode, the solidification grain boundaries can be 
eliminated by a three-phase reaction during solidification, which results in more 
irregular austenite/delta ferrite boundaries serving as crack attesters [145]. Thus, the 
tendency towards solidification cracking for the investigated weld will be very low, 
which is beneficial for structural integrity. It is worth mentioning that the coefficient for 
conversion from carbon content to nickel equivalent is 30 based on Schaeffler diagram. 
Thus, as can be discovered from Figure 7.11(a) and (b), compared to the addition of 
nickel, the addition of carbon contributes much more to nickel equivalent and therefore 
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has a higher tendency to stabilize austenite without falling into the single phase 
austenitic solidification mode. In other words, the addition of carbon and reduction in 
nickel content have the potential of increasing retained austenite content at room 
temperature, which would provide a promising way towards improving the design of 
armour steel welds.  
   
Figure 7. 11 Thermo-calc calculation of solidification sequence of weld; (a) and (b) 




The microstructure in the WM is mainly linked to the chemical composition and cooling 
rate [146]. Due to the addition of large amount of alloying elements, such as Cr, Ni and 
Mn, the hardenability of the WM is sufficient to form martensite during air cooling, 
which is in good agreement with the Schaeffler diagram.  Considering that the 
individual effect of various alloying elements is hard to identify, the microstructure is 
analyzed using its overall chemical composition. The martensite transformation start 
temperature (Ms) can be predicted by the following empirical equation [147] as listed 
below:  
    Ms (
oC) = 561 - 474 x (C) - 33 x (Mn) - 17 x (Ni) – 17 x (Cr) – 21 x (Mo)        Eq.(7.1) 
The calculated Ms for the WM is 158.3oC. As Ms decreases, more austenite remains 
untransformed at room temperature. In addition, alloying enrichment occurs in the 
interdendritic region during solidification, which further lowers the Ms. This is why a 
majority of the retained austenite was distributed in the interdendritic region. The 
equilibrium phase diagram of the weld calculated by the Thermo-Calc software is 
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shown in Figure 7.12. Although precipitates such as M23C6 and sigma phase were 
predicted in the equilibrium phase diagram, no precipitates were found in the weld. This 
is probably the result of fast cooling rate during welding as well as the relatively lower 
rates of diffusion of alloying elements in the fcc phase. Similar results were also 
reported by Song, Ping, Yin, Li and Li [148] in Fe-Cr-Ni-Mo martensitic stainless steel. 
 
Figure 7. 12 Thermo-calc calculation of equilibrium phase diagram of WM 
 
7.4.3 Hardening mechanism 
 
There are five main strengthening mechanisms in materials, namely solid solution, 
dislocation density, phase balance, grain size and precipitation strengthening. First of all, 
since Cr, Ni and Mn are substitutional solid solution elements, they can generate local 
non-uniformity in the crystal lattice and local stress fields, which makes it more difficult 
for plastic deformation to occur by hindering dislocation movement and in turn results 
in an increase in hardness in the weld region. Secondly, the dislocation density of the 
base and WM estimated from XRD pattern are 3.6x1015 m2 and 2.2x1016 m2 
respectively. Thus, the higher dislocation density in the WM would provide additional 
hardening effects [149]. The higher dislocation density in the WM is probably a result 
of low temperature phase transformation, which allows less space for stain 
accommodation. Although solid solution strengthening and dislocation strengthening 
favor high hardness for the weld, the presence of soft retained austenite and larger grain 
sizes are the possible reasons for the lower hardness of the weld compared to the HHA 
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base metal.  As the grain size becomes larger, the number of grain boundaries decrease, 
with fewer barriers pinning dislocation movement and thereby reducing hardness. It is 
worth noting that carbon is a critical element determining the hardness in martensite 
[150]. This is another reason for the lower hardness in the welds (0.183%C) compared 
to the HHA base metal (0.27%C). 
        
7.4.4 Toughening mechanism 
 
It is accepted that toughness is related to several factors, such as dislocation density or 
stress concentration, microstructure and grain size [151].  As reported by Zhou, et al. 
[143],  higher dislocation density or stress concentration is deleterious to toughness as 
dislocation clusters tends to act as initiation sites for microcracks. In addition, the 
fracture stress is closely linked to the EGS [152], as shown in the equation below: 





                                 Eq.(7.2) 
Where σf  is fracture stress, E is the Young’s modulus, v is Poisson’s ratio, γp is plastic 
deformation energy, d is the EGS. It can be seen from Eq.(7.2) that the fracture stress 
decreases as EGS increases, resulting in lower deformation before crack initiates. Thus, 
the higher dislocation density and larger grain size in the WM would lower crack 
initiation energy. However, the crack initiation energy of welds is comparable to the 
base metal (Figure 7.10(a)), which implies that retained austenite plays an important 
role in enhancing toughness during the crack initiation stage. As reported by Ma, Wang, 
Liu and Subramanian [153], retained austenite is more ductile than martensite and will 
deformed first via the so-called dislocation absorbed by retained austenite (DARA) 
effect [154]. Martensite being the harder phase remains intact at the start of deformation. 
Once the critical stress for phase transformation from retained austenite to martensite is 
reached, the volume expansion resulting from the TRIP effect can absorb large amounts 
of energy during fracture [7]. This phenomenon is reflected along the tortured fracture 
path, as shown in Figure 7.13(a). The amount of retained austenite adjacent to the crack 
initiation area is much less than that in the deformation-free area (Figure 7.13(c)). It is 
evident that both DARA and TRIP effects compensate for the loss of crack initiation 




Once a crack forms, subsequent crack propagation is governed mainly by HAGBs [128]. 
It was reported by [130] that high-angle grain boundaries are very effective in deflecting 
or even arresting crack propagation while low-angle grain boundaries never produce 
significant deflection or arrest of cracks. As shown in Figure 7.8, the fraction of large 
angle grain boundaries of the weld and base metals (> 15o) is similar, whereas the EGS 
of the base metal is finer compared to the WM. Therefore, the smaller EGS means 
greater number of high-angle grain boundaries, which introduce more crack deflection 
and consume more energy during crack propagation. However, the boundaries between 
retained austenite and martensite is also large angle grain boundaries, which may 
compensate the less amount of total effective boundaries to some extent. Similarly, the 
TRIP effect also comes into play during crack propagation process, as shown in Figure 
7.13(b). In addition, it was also reported that retained austenite has the ability to cause 
large angle twist when cracks encounter the phase [153]. This mechanism was 
reinforced in Figure 7.14. As can be seen that block and packet boundaries act as 
barriers for crack propagation in the base metal, whereas both block and packet 
boundaries and retained austenite deflect cracks. This kind of large angle twist would 
prolong the crack path and consume additional energy. A detailed schematic of the 
fracture path for both the base and WM is shown in Figure 7.15. Therefore, it can be 
inferred that both TRIP and large angle twist from retained austenite have very positive 
effects on the increase in crack propagation energy. Another factor that needs to be 
taken into consideration is the possible change in slip system in bcc structure with the 







   
   
Figure 7. 13 Phase map superimposed on band contrast map; (a) Crack initiation area in the 








Figure 7. 15 Schematic of fracture path; (a) HHA base metal; and (b) WM 
 
7.4.5 Application potential 
 
As presented above, the desired combination of hardness and toughness of the armour 
steel WM similar to the base metal was achieved by combination of K-TIG with an 
AISI309 stainless steel interlayer, which would also lead to excellent ballistic 
performance based on the results reported in literature [36]. Moreover, it has already 
been demonstrated that the tendency towards solidification cracking is very low with a 
tailored ratio of Creq and Nieq. However, it is worth noting that in order for the weldment 
to be used in real fabrication processes, other factors also need to be taken into account, 
such as HICC, which is characteristic of high strength Q&T steel. It is well known that 
the three factors that affect hydrogen assisted cold cracking are level of diffusible 
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hydrogen, tensile residual stress and susceptible microstructure [29]. As reported by 
Kuzmikova [22], if the martensite transformation in WM takes place after surrounding 
parental metal, the supersaturated hydrogen in the HAZ will diffuse towards the WM 
which is still austenitic. This is the case in the current study as the alloying elements in 
the WM dramatically lower the Ms. Considering the large fraction of retained austenite 
(24.6%) at room temperature in the WM, the diffusible hydrogen content in the weld 
will be reduced dramatically due to higher solubility of hydrogen in austenite. In 
addition, the yield strength of the two phase (martensite and retained austenite 
microstructure) will be much lower than single phase martensitic microstructure, as 
reported by Wu et al. [155], which is another benefit for reduced tendency towards 
HICC. Finally, as the Ms in the weld is low (158.3 
oC), the volume expansion induced 
by phase transformation from austenite to martensite could significantly reduce the 
tensile residual stress in the WM region [156]. It can be discovered that although none 
of these three factors that affect HICC is completely eliminated, mitigation of the three 
factors at the same time would reduce the tendency towards HICC considerably. 
Therefore, this kind of chemical composition and microstructure is considered a very 
promising option for armour steel welding. Future research will focus on the effect of 





Single pass full penetration was achieved on 6.2 mm thick armour steel joint using K-
TIG welding technology in combination with 309 stainless steel interlayer. The main 
conclusions are drawn as follow: 
 
(1) Through the introduction of specially designed trapezoid interlayer in between HHA, 
up to 43.5% dilution rate can be achieved, providing a very great scope for 
microstructure modification in the K-TIG welding. 
 
(2) By carefully tailoring the ratio of Creq to Nieq in the WM, favorable solidification 
sequence was obtained. The weld solidified from liquid to delta ferrite first, followed by 
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peritectic reaction from liquid plus delta ferrite to austenite, which has very low risk of 
solidification cracking compared to single austenitic solidification mode. 
 
(3) The microstructure in the WM region contains martensite and retained austenite dual 
phase because of the addition of large amounts of alloy elements, which lowers 
martensite transformation finish temperature to a level much lower than room 
temperature. No precipitates were detected in the WM due to fast cooling rate and low 
rates of diffusion of alloying elements in austenitic phase.  
 
(4) The average hardness in the weld reaches up to 460 VHN. Toughness of the weld is 
comparable to the base metal. The high dislocation density and solid solution provide 
sufficient strengthening in the weld, while DARA, TRIP effects and crack deflection by 
retained austenite are the main reasons for the toughness improvement in the WM.  
 
(5) Due to the mitigation of the three main factors affecting HICC, this kind of chemical 
composition and microstructure combination shows great potential to produce high 
performance armour steel joint, while the K-TIG welding technology provides an 
advanced solution for armour steel welding at the same time. 








Ever since the development of K-TIG it has been widely used to join medium thickness 
materials with single pass to increase the productivity, such as the welding of pure 
titanium [57], pure zirconium [67], stainless steel [63], and mild steel [68, 71] . Except 
for the much increased productivity, the mechanical properties of the K-TIG welded 
joint were shown to be equal or even higher than those produced by conventional fusion 
welding processes. Nevertheless, absolute majority of studies regarding K-TIG in the 
open literature are related to similar joint. The use of K-TIG for joining dissimilar 
materials is rarely studied. Whether the application of K-TIG for joining dissimilar 
materials between DSS and ASS is feasible should be evaluated. Also, whether the 
material properties of such dissimilar joint with K-TIG technology can be maintained 
after welding thermal cycle needs to be tested. If K-TIG welding process can be 
successfully applied to join medium thickness dissimilar materials, it would 
dramatically extend its application range in both scientific community and engineering 
field. 
 
In this chapter, the feasibility of K-TIG for joining medium thickness dissimilar DSS 
and ASS will be presented. As the chemical composition and phase balance play a 
significant role in determining the weld properties. This study will address the effect of 
torch deviation on macrostructure, microstructure and mechanical properties of K-TIG 
welded SAF2205/AISI316L dissimilar joint in order to give a comprehensive weld 
qualification of such dissimilar joint. 
 
Publications No.3 forms the main context of this chapter. 
 
8.2 Experimental procedure 
 
The parental metals used in this study are 5.6 mm thick SAF2205 DSS and AISI316L 
ASS. The mechanical properties of base metals are listed in Table 8.1. Plates with 
dimension of 250 mm x 80 mm x 5.6 mm were used to prepare for the butt joint. The 
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welding equipment consists of a K-TIG 1000 AMP power supply, a control cabinet, a 
water cooler system and a control computer used to sense welding current and voltage. 
The torch was operated in direct current electrode negative mode. The diameter and tip 
angle of the electrode are 6.4mm and 45 degree respectively. Other welding parameters 
which were kept constant during experiment are listed in Table 8.2. Welding was 
conducted in the form of close square butt with no gap between two plates and no edge 
preparation. The welding torch was placed at different location relative to weld 
centreline, as indicated in Figure 8.1. The samples were named from Test 1 to Test 5 
based on different torch deviation. Before welding, the plate surface was mechanically 
ground and cleaned by acetone to eliminate any impurities that may affect the weld 
quality. The welding torch was kept constant during welding while the worktable 
travelled at preset speed.  
 
Table 8. 1  
Mechanical properties of investigated base metals 
Materials Ultimate tensile strength (MPa) Elongation (%) Impact toughness (J) Hardness (HV) 
   SAF2205 756 46 263 254 
   AISI316L 606 83 383 177 
 
Table 8. 2  
Fixed welding parameters 
Process parameters Details 
Current, A 410 
Travel speed, cm/min 35 
Arc length, mm 2.5 
Shielding gas Pure argon 
Shielding gas flow rate, L/min 25 
Arc voltage, V 15.2-16.4 
Back purging Pure argon 





Figure 8. 1 Experimental design of dissimilar joint 
 
Thermodynamic behaviour of different welds was calculated using Thermo-Calc 
software with TCFE6 database to observe the phase transformation and precipitation 
behaviour at temperature ranging from 500 to 1600 oC.  After welding, the dissimilar 
joints were sectioned and hot mounted, followed by grinding and polishing from 220# 
SiC paer down to 1 µm cloth using Struers Tegrapol 21 automatic grinder and polisher. 
The samples were then electrochemically etched in a 10 wt% oxalic acid solution for 
around 25 seconds to reveal the macrographs of weld bead as well as the general 
microstructure of the weldments. The phase fraction was calculated by point counting 
technique according to ASTM E 562. EDS point analysis and mapping were conducted 
in the WM region to reveal the chemical composition in each phase and average 
chemical composition in the weld using JEOL JSM-6490 SEM.  Vickers microhardness 
was carried out across the weld in the transverse direction 2mm below the front surface 
with an interval of 0.5mm using Struers DuraScan-70 automatic hardness tester. The 
tensile specimen and Charpy impact toughness test specimen were cut by electrical 
discharge machining in the direction perpendicular to welding direction, with the WM 
located in the centre of the specimen. The tensile test and impact toughness test were 
carried out according to ASTM E8 and ASTM E23 standard, respectively.  The tensile 
tests were undertaken at room temperature at a constant crosshead speed of 2mm/min 
using an Instron 8800 universal testing machine. An extensometer with a nominal gauge 
length of 25 mm was used to measure percentage elongation. For tensile and impact 
tests, measurement was made on three samples to ensure the repeatability of the results 
and the average value was taken into consideration. The fracture surface of Charpy 







The cross sectional macrographs of the welds with different torch deviation are shown 
in Figure 8.2. As can be seen that sound defect free joints were produced in Test 2 to 
Test 5 samples (Figure 8.2 (b)-(e)), while macro level lack of fusion was observed in 
Test 1 sample as indicated by the yellow arrow in Figure 8.2(a). As reported by Reis et 
al. [157], the welding arc tends to blow towards ferromagnetic material side during 
welding. As AISI316L is paramagnetic whereas SAF2205 is magnetic, more arc energy 
will be deposited on the SAF2205 side, leading to larger melting on the SAF2205 side. 
The 2mm deviation of welding torch towards the SAF2205 side, together with arc 
deflection make it impossible to achieve enough melting at lower region of AISI316L 
side, which results in marco-level lack of fusion. Thus, Test 2 to Test 5 samples were 











8.3.2.1 Base metal 
 
The microstructure of two parental metals are illustrated in Figure 8.3.  The 
microstructure of SAF2205 consists of elongated grains with almost equal amount of 
austenite and ferrite. The austenite is evenly distributed in the ferrite matrix. The 
microstructure of AISI316L shows nearly equiaxed grain of austenite with certain 
amount of twinning. EDS point analysis was conducted on both ferrite and austenite 
phases in SAF2205 base metal. It was shown that the ferrite phase is rich in chromium 
and molybdenum whereas the austenite phase contains more nickel and manganese. The 
ratio of chromium equivalent to nickel equivalent (Creq/Nieq ratio) are 2.65 and 1.67 for 





Figure 8. 3 Microstructure of investigated base metals (a) SAF2205; (b) AISI316L; (c) and (d) 
EDS point analysis on austenite and ferrite in SAF2205 base metal respectively 
 
8.3.2.2 Weld metal 
 
The weld microstructure of different welds was illustrated in Figure 8.4. The austenite 
fraction increases from 36.2% to 81% when the torch was shifted from the SAF2205 
side to AISI316L side, as can be seen in Figure 8.4(e). The WM consists mainly of 
massive ferrite and various type of austenite, such as Widmanstätten austenite (WA) , 
grain boundary austenite (GBA) and inter-granular austenite (IGA) for Test 2, Test 3 
and Test 4 samples. However, when the austenite fraction was increased to 81% as in 
Test 5 sample, the ferrite transforms from massive type to lath type, as shown in the 
SEM image in the upper right region in Figure 8.4(d). For the Test 2 sample with 
lowest fraction of austenite, large amount of chromium nitride was observed inside the 
massive ferrite grain, as indicated by the red arrow in Figure 8.4(a). This harmful phase 
was not observed in other three Test samples. EDS point analysis on both phases in the 
WM was carried out to observe the chemical composition variation between two phases. 
It can be seen from Figure 8.5 that austenite precipitated in the ferrite matrix contains 
higher amount of nickel and manganese while the ferrite matrix has more chromium and 
molybdenum. Nevertheless, it is worth noting that the difference in chemical 
composition between two phases increases from Test 2 sample and Test 3 sample to 
Test 4 and Test 5 sample. This may imply that phase transformation may play a role in 
determining element distribution. 
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Figure 8. 4 Microstructure of WM region (a) Test 2; (b) Test 3; (c) Test 4; (d) Test 5; and (e) 




Figure 8. 5 EDS point analysis on WM (a) Test 2; (b) Test 3; (c) Test 4; and (d) Test 5 
 
8.3.2.3 Weld interface and heat affected zone 
 
The weld interface and HAZ were shown in Figure 8.6. The HAZ of SAF2205 side is 
composed of large amount of coarse ferrite, together with precipitation of tremendous 
amount of chromium nitride.  Ferrite stringer was observed in the AISI316L side, which 
indicates that austenite transforms to ferrite upon heating and the retransformation from 
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ferrite to austenite is incomplete after cooling to room temperature. Similar 
microstructure was observed during K-TIG welding of similar ASS and DSS [62, 64]. 
For the interface of Test 2 and Test 3 samples, there was no evident formation of 
unmixed zone on both SAF2205 and AISI316L sides. However, dendritic solidification 
microstructure consisting of skeletal ferrite was developed close to the fusion boundary 
on AISI316L side in Test 4 and 5 samples, which indicates that there might be no 







Figure 8. 6 Microstructure across fusion boundary of SAF 2205 side and 316L side (a) and (b) 
Test 2; (c) and (d) Test 3; (e) and (f) Test 4; and (g) and (h)Test 5 
 




The microhardness profile of the four investigated samples from weld centreline to base 
metals are illustrated in Figure 8.7(a). It is evident that microhardness of all the weld in 
the WM region is higher than AISI316L base metal and is lower than SAF2205 base 
metal. The average microhardness in WM region saw a decreasing trend when the torch 
deviation was shifted from SAF2205 side to AISI316L side, ranging from the highest 
255.8Hv in Test 2 sample to the lowest 199.8Hv in Test 5 sample, as shown in Figure 
8.7(b). The microhardness peaks at the region close to SAF2205 side fusion boundary, 
which is the high temperature HAZ. In contrast, no obvious hardness change was 
observed in AISI316L HAZ compared with base metal as the HAZ region on AISI316L 
side is very narrow, which makes it difficult to be revealed on the hardness map. 
  




8.3.3.2 Tensile properties 
 
The tensile curves of all the joints were shown in Figure 8.8(a). It can be seen that Test 
2 and Test 5 samples exhibit unstable failure behaviour, with dramatic decrease in 
tensile strength as well as overall elongation, as was also revealed in Figure 8.8(b).  In 
contrast, the tensile properties of Test 3 and Test 4 samples show stable and similar 
tensile properties, with slight variation in UTS and elongation. The UTS of Test 3 and 
Test 4 samples is higher than that of AIS316L base metal and is lower than SAF2205 
base metal, whereas the elongation is lower than both these two base metal. From the 
strength point of view, the welding procedure and condition is suitable for this kind of 
dissimilar joint. The irregular fracture behaviour of Test 2 and Test 6 samples will be 
addressed in following section.  
     
Figure 8. 8 Tensile properties (a) Tensile curve and (b) Results of tensile tests 
 
8.3.3.3 Charpy impact toughness 
 
The Charpy impact toughness of different weld deposits were exhibited in Figure 8.9. 
The energy absorbed first increases from 168.9J in Test 2 sample to 223.8 in Test 4 and 
then decreases to195.9J for Test 5 sample. The fracture surface of Charpy specimens 
were further observed by SEM as shown in Figure 8.9(b)-(e). Complete ductile fracture 
was observed with the formation of merely dimples for Test 3, Test 4 and Test 5 
samples, whereas dimples together with quasi-cleavage facet were present in the 
fracture surface of Test 2 sample. In addition, the dimple size in Test 3 and Test 4 
samples is larger than that in Test 5 sample, indicating more absorbed deformation and 
better impact toughness. The results from fracture surface are consistent with the 
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Figure 8. 9 Charpy impact toughness of weld  (a) Charpy value of different welds; (b)-(e) 




8.4.1 Effect of torch deviation on weld chemical composition 
 
In order to analyze the effect of chemical composition on microstructure and 
mechanical properties, EDS mapping was conducted in the centre of WM region. The 
chromium content measured by EDS was used as benchmark to calculate the dilution 
rate of WM from both base metal. Then the dilution rate was used to derive the 
chemical composition of other elements in the WM region. It is worth mentioning that 
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the loss of nitrogen is assumed to be zero in this study as single pass welding will not 
induce significant amount of nitrogen loss, as reported by Hosseini et al. [158]. The 
detailed chemical composition is listed in Table 8.3. It can be seen that as the torch 
deviation was shifted from SAF2205 side to 316L side, the chemical composition is 
approaching that of AISI316L due to the more dilution from 316L side. Therefore, the 
difference in chemical composition between WM and AISI316L base metal is reduced. 
The reduced chemical composition gradient will dramatically reduce the driving force 
for element diffusion between the fusion boundary on AISI316L side and the WM. This 
could probably explain the formation of unmixed zone observed on Test 4 and Test 5 
fusion boundary on AISI316L side. 
  
Table 8. 3 
Chemical composition of various welds 
Test No. C Si Mn P S Cr Ni Mo N Fe Creq Nieq Creq/Nieq ratio 
2 0.0182 0.62 1.47 0.03 0.006 22.08 6.1 3.12 0.16 Bal. 26.14 10.51 2.49 
3 0.0184 0.6 1.38 0.028 0.007 20.76 7.4 2.82 0.129 Bal. 24.49 11.01 2.22 
4 0.0185 0.59 1.32 0.027 0.008 19.95 8.2 2.64 0.109 Bal. 23.47 11.3 2.07 
5 0.0187 0.57 1.26 0.0026 0.009 19.03 9.1 2.44 0.087 Bal. 22.32 11.67 1.91 
 
8.4.2 Solidification behaviour  
 
The calculation of both Creq and Nieq was based on formula presented in Figure 8.10(a). 
As nitrogen is absent for the calculation of nickel equivalent in schaeffler diagram, a 
contributing coefficient of twenty is used to add it on the nickel equivalent, as is the 
case in many literature. The position of each weld on schaeffler diagram is shown in 
Figure 8.10(a). The phase fraction predicted by the schaeffler diagram is consistent 
with the measured value (Figure 8.4(e)). This indicates that the way in which the 
calculation for the Creq/Nieq ratio is carried out as well as the assumption of no nitrogen 
loss are effective. According to the calculated Creq/Nieq ratio, the solidification mode of 
different welds was shown in Figure 8.10(b) which is widely used to predict the 
solidification mode of stainless steels. As can be seen that the weld of Test 2, Test 3 and 
Test 4 sample falls into the category of ferritic solidification mode in which all the 
liquid metal would transform completely to primary ferrite, followed by solid phase 
transformation from ferrite to various types of austenite, such as GBA which forms at 
the prior ferrite grain boundaries, WA which grows into the ferrite grains from GBA, as 
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well as the IGA precipitated inside ferrite grain, as shown in Figure 8.11(a).  Smaller 
driving force and less undercooling is required for IGA and WA, which allows them to 
form at high temperature  [159]. For the weld of Test 5 sample which belongs to ferritic-
austenitic solidification mode, it solidifies with the ferrite as the leading phase, with the 
subsequent formation of austenite between ferrite dendrites via a three phase reaction 
among austenite, ferrite and liquid. Then the austenite will grow into the ferrite via 
either an acicular or equiaxed mechanism. Finally, a dramatic decrease in the proportion 
of ferrite is expected [160], as shown in Figure 8.11(b). The lathy shape ferrite 
observed in SEM in Figure 8.4(d) is consistent with the lacy form of ferrite, as describe 
by David [161]. This type of ferrite features long columns of interconnected ferrite 
network which is oriented along the growth direction in the austenitic matrix and is a 
result of the transformation from primary ferrite cells to austenite and ferrite. 
 
 
Figure 8. 10 Phase prediction diagrams (a) Schaeffler diagram; and (b) Chemical composition 
dependents of solidification modes in stainless steels (Red, blue, green and purple represent Test 







Figure 8. 11 Schematic of solidification behaviour in different weld deposits (a) Ferritic 
solidification mode; and (b) Ferritic-austenitic solidification mode 
 
8.4.3 Microstructure evolution 
 
With welding torch shifted from SAF2205 side towards AISI316L side, the value of 
chromium equivalent decreases while that of nickel equivalent increases, as exhibited in 
Table 8.3. Since elements contributing to chromium equivalent are ferrite stabilizers 
whereas those contributing to nickel equivalent are austenite stabilizers, the driving 
force for transformation from ferrite to austenite will be enhanced with decreasing 
chromium equivalent and increasing nickel equivalent, which led to gradual increase in 
austenite fraction from Test 2 to Test 5 weld.  In order to further analyse the 
microstructural evolution with different torch deviation, the equilibrium phase diagrams 
of different weld deposits were calculated by Thermo-calc software with TCFE6 
database, as shown in Figure 8.12. The possible phases that can form during 
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equilibrium crystallization in all these welds were liquid phase, austenite, ferrite, sigma 
phase, hexagonal chromium carbide, M23C6 and Laves phase. It was shown in Figure 
8.12(e) and (f) that with increasing Creq/Nieq from Test 2 to Test 5, the austenite 
transformation temperature increases gradually while the upper limit temperature of 
Cr2N and maximum mass fraction of sigma phase decrease gradually. As indicated by 
Zhang et al. [162], the solubility of nitrogen in austenite is much higher than ferrite. 
These two factors, along with the increasing austenite fraction from Test 2 to Test 5 as 
mentioned earlier, would induce a wider temperature range and larger space for the 
diffusion of nitrogen from ferrite to austenite. Therefore, the tendency towards Cr2N 
precipitation is much reduced. That is why the Cr2N only formed in the Test 2 sample. 
The same mechanism can also be used to explain the formation of Cr2N in HAZ of 
SAF2205. Another factor that might contribute to the reduced tendency is the reduction 
in both chromium and nitrogen content as the torch was shifted from SAF2205 side to 
AISI316L side. Another result associated with the increase in austenite transformation 
temperature is the longer diffusion time and distance during cooling process, which 
promotes element partitioning between two phases [163]. This can explain the lager 
difference in alloy elements between two phases in Test 4 and Test 5 samples compared 
with Test 2 and Test 3 samples, as shown in Figure 8.5. One unique finding in K-TIG 
welded joint is that even though the austenite fraction in Test 2 weld was more than 
35%, chromium nitride was still present abundantly, which is contradictory to the 
finding in conventional multi-pass fusion welding of DSS, as reported by Zhang et al. 
[162]. It is because the chromium nitride precipitated by non-equilibrium transformation 
is able to dissolve during subsequent reheating process in conventional multi-pass 
fusion welding process. This implies that higher fraction of austenite in the weld is 
required to avoid formation of chromium nitride during K-TIG welding process.  It is 
worth mentioning that as this is a single pass autogenous TIG welding and the heat 
input is in the reasonable range, the tendency towards formation of sigma phase will be 
very low during welding thermal cycle. Thus, detailed analysis is not carried out on 
such harmful phase although it is present in the equilibrium phase diagram.  
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Figure 8. 12 Calculated equilibrium phase balance of welds (a)-(d) Test 2, Test3, Test 4, Test 5 
respectively; (e) Precipitation behaviour of austenite and chromium carbide; and (f) Maximum 




8.4.4 Mechanical properties 
 
The hardness evolution in the WM region is linked to many factors. In DSS weld, solid 
solution, phase balance and precipitation behaviour play a major role. As nitrogen is a 
strong solid solution element, it can generate local nonuniformity in the crystalline 
lattice and local stress field, which makes it more difficult for the plastic deformation to 
occur by impeding dislocation movement and in turn leads to increase in yield stress of 
material. Also, the microhardness of ferrite is known to be higher than that of austenite. 
As the welding torch was shifted from SAF205 side to AISI316L side, the nitrogen 
content and ferrite fraction were both decreasing consistently as shown in Table 8.3 and 
Figure 8.4(e) respectively. Therefore, the loss of resistance to deformation or hardness 
is expected. In addition, as reported by Kang and Lee [164], the presence of Cr2N is 
able to pin the movement of dislocations as well, which will further strengthen the WM 
of Test 2 sample. That is why the hardness of Test 2 sample is much higher than other 
three Tests. The same is true for the highest hardness value located in the HAZ of 
SAF2205 side where the highest content of nitrogen, as well as highest fraction of 
ferrite and chromium nitride were present. It is because the higher Creq/Nieq ratio and 
faster cooling rate of SAF2205 HAZ compared with Test 2 weld would lead to less 
fraction of austenite and larger amount of chromium nitride precipitation, and highest 
hardness was present as a result.  
 
The unstable fracture behaviour of Test 2 and Test 5 samples can be attributed to the 
formation of micro level lack of fusion with the length of 100µm to 500µm at the root 
side, as shown in Figure 8.13(a) and (b). Owing to the narrower weld width at root side 
in K-TIG welding process, perfect bonding at the fusion boundary is hard to achieve 
with too many deviation towards both sides. The tensile sample of Test 5 failed from the 
fusion boundary of AISI316L side, as indicated by the purple arrow in Figure 8.13(f). 
From the fracture behaviour, it can be inferred that crack initiated from the micro level 
of fusion on the root side and then propagated upwards through the weld along the 
thickness direction. Although the tensile sample of Test 2 sample failed at AISI316L 
side, the cross-sectional view shows tearing crack at root side fusion boundary of 
SAF2205 side, as indicated by the blue arrow in Figure 8.13(c). This indicates that 
there was competition between failure locations owing to very strong weld in Test 2 
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sample. It is evident that the micro level lack of fusion plays a negative role in 
determining tensile properties. The slightly higher tensile strength of Test 3 sample than 
Test 4 sample is ascribed to the stronger WM which provides slight higher resistance to 
deformation. The elongation of Test 3 and Test 4 is lower than both base metals due to 
the large strength mismatch over the entire weld. Since WM in Test 3 and Test 4 
samples and SAF2205 base metal are stronger than AISI316L base metal, localized 
deformation will occur on 316L base metal after initial overall deformation. All the 
tensile samples of Test 3 and Test 4 failed at AISI316L side far away from weld as 
shown in Figure 8.13(d) and (e), indicating a sufficient strength level with K-TIG 








Figure 8. 13 Microstructure and fracture surface (a) Microstructure of Test 2; (b) 
Microstructure of Test 5; (c) Fracture behaviour of Test 2; (d) Fracture behaviour of Test 3; (e) 
Fracture behaviour of Test 4; and (d) Fracture behaviour of Test 5; Note: Area within yellow 
arrows represents WM 
 
In order to eliminate the effect of micro level lack of fusion on impact toughness, all the 
Charpy samples were milled 2mm from the backside of the weld. The lowest impact 
toughness of Test 2 samples can be attributed to both the precipitation of Cr2N and 
lower fraction of austenite in the WM region. As described by Zhang et al. [162] and 
Cui et al. [65], the ductile austenite can dramatically prevent crack growth and 
propagation by introducing more coincident site lattice boundaries which can impede 
the migration of HAGBs. Also, the precipitation of Cr2N tends to cause stress 
concentration, which could reduce the crack initiation energy. As the fraction of 
austenite in weld reaches 81% (Test 5 sample), the toughness decreases again. This 
phenomenon can be a result of both the microstructure and solidification mode. As 
observed by Karlsson et al. [165], interconnected ferrite network similar to the one 
present in weld 5 sample tends to become the preferential crack propagation path 
whereas balanced phase could force the crack either deviate or to pass through austenite 
more frequently. Furthermore, as described earlier, in ferritic-austenitic solidification 
mode, part of the solidification process will involve the transformation from liquid 
directly to austenite. As the solubility of impurities, such as sulphur and phosphorous, in 
austenite is much lower than that in ferrite, this transformation would lead to severe 
impurity segregation and deteriorate fracture toughness. Similar results were also 
observed in conventional fusion welding of dissimilar joint between SAF2205 and 316L 
by Rahmani et al. [86] and Verma and Taiwade [94]. These two factors both contribute 




It is worth noting that even though weld defects in Test 2 and Test 5 can be avoided by 
using larger heat input to restore tensile properties, the reduced impact toughness as 
well as the precipitation of chromium carbide still make them undesired option during 
the K-TIG welding. Therefore, it can be inferred that torch deviation of 0-1mm towards 
AISI316L side is recommended for industrial application. It has been demonstrated that 
K-TIG welding provides an efficient way to produce defect free SAF2205/316L 
dissimilar joint in a single pass without using any filler materials,  while maintaining 




Medium thickness dissimilar joining between SAF2205 and AISI316L could be 
successfully achieved with K-TIG welding process to increase productivity and cost-
effectiveness. The main conclusions are drawn as follows: 
 
(1) Defect free welds were achieved with 0mm and 1mm torch deviation towards 
AISI316L side, whereas lack of fusion was present at the root side when torch deviated 
1mm towards SAF2205 side or 2mm towards AISI316L side. 
 
(2) The Creq/Nieq ratio saw decreasing trend with welding torch shifted from SAF2205 
side towards AISI316L side, which leads to the increase in austenite fraction from 36.2% 
to 81% and change in solidification from ferritic to ferritic-austenitic mode. The 
morphology of ferrite also changed from massive type to lath type accompanying 
change in solidification mode. Precipitation of chromium nitride was found in weld with 
lowest fraction of austenite due to limited solubility of nitrogen in ferrite as well as 
absence of reheating process in single pass keyhole TIG welding.  
 
(3) The average hardness in the WM region decreases gradually with torch deviation 
shifted from SAF2205 side to AISI316L side due to reduced content of solid solution 
element nitrogen, increased fraction of softer austenite phase as well as dislocation 
pinning effect from chromium nitride precipitation. The highest hardness was present in 
the HAZ of SAF2205, which is a result of the smallest fraction of softer austenite, 





(4) Tensile properties were severely affected by micro level lack of fusion in samples 
with 1mm torch deviation towards SAF2205 side and 2mm deviation towards AISI316L 
side. Although fractured in 316L base metal, tearing crack was found in root side fusion 
boundary in sample with 1mm torch deviation towards SAF2205 side, whereas fracture 
even initiated from the root side fusion boundary in sample with 2mm torch deviation 
towards AIS316L side and then propagated through the weld thickness direction. 
Samples with 0mm deviation and 1mm deviation towards AISI316L sides show better 
tensile properties than AISI316L base metal. The tensile samples for these two 
specimen all failed on 316L side far away from WM.  
 
(5) High impact toughness was also achieved for samples with 0mm torch deviation and 
1mm deviation towards AISI316L side. The poorer toughness of sample with 1mm 
torch deviation towards SAF2205 side was a result of chromium precipitation and less 
fraction of austenite, whereas the poorer toughness of sample with 2mm deviation 
towards 316L side was attributed to ferritic-austenitic solidification mode leading to 
impurity segregation and undesired interconnected ferrite morphology. 
 
(6) It is recommended that 0-1mm torch deviation towards AISI316L side be chosen for 















Chapter 9. Summary and future perspective 
 
 
9.1 General summary 
 
In this thesis, in-depth welding procedure qualification of K-TIG welded high hardness 
grade Q&T steel and stainless steel dissimilar joint was presented. The effect of process 
variables on process stability, weld formation, as well as in-depth characterization of 
welded joints and optimization technology were investigated in detail. The general 
conclusions are drawn as follows: 
 
(1) Weld formation during K-TIG welding process is sensitive to such welding 
parameters as travel speed, heat input, arc length and gap distance between two plates. 
Both heat input and travel speed have certain effect on the formation of undercut. The 
melting efficiency increases with increasing heat input and gap distance between two 
plates, while it exhibits an opposite trend with increasing arc length. The profile of 
longitudinal cross section is closely linked to the heat input, which affects arc behavior 
during welding. Force analysis indicates that the arc pressure acting on rear weld pool is 
in the same order of magnitude as surface tension due to the very high current used in 
the K-TIG welding process, suggesting that welding current may play a major role in 
determining critical root width and therefore process stability.  
 
(2) In-depth material characterization of armour grade Q&T steel weld produced by K-
TIG shows that the WM consists of dendritic structure and predominantly bainitic 
microstructure and is dominated by LAGBs. Hardness distribution across the weld is 
higher than current practice, which would lead to improved joint efficiency and ballistic 
performance. Although the joint efficiency of the weld is 65% due to the reduction in 
WM hardness, it is still much higher than that produced via conventional fusion welding, 
which is not surpassing 50%. Nevertheless, the hardness and toughness in the weld is 
still much lower than the base metal. 
 
(3) In order to improve the material properties of K-TIG welded armour grade Q&T 
steel, especially hardness and toughness, the use of filler materials was introduced in the 
K-TIG welding process. The results show that the introduction of filler material can 
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produce homogenous dilution in the entire WM region. The wire feeding speed can 
reach up to 300 cm/min without compromising full penetration, providing a great scope 
for microstructure modification. Both interrupted bridging and free flight metal transfer 
modes are practical in this process, with the interrupted bridging transfer being the 
preferential way to feed the wire. The applied austenitic filler material can significantly 
change the weld microstructure, along with much increased WM hardness, joint 
efficiency and impact toughness.  
 
(4) Motivated by the demand for WM properties matching with the base metal, a newly 
developed chemical composition tailoring desired solidification mode and 
microstructure combination was developed through K-TIG welding process in 
combination with ASS interlayer. Detailed analysis of the weld shows that dilution rate 
from interlayer materials can reach up to 43%, providing large space necessary for 
microstructure modification in the WM region. The hardness and toughness in the WM 
region could compete with the base metal. The martensite in the WM provides sufficient 
strengthening while retained austenite contributes to the toughness improvement. More 
importantly, the microstructure and low temperature phase transformation in the WM 
can dramatically reduce the tendency toward HICC. The tailored chemical composition 
and microstructure gives a new insight into welding of armour grade Q&T steel. 
 
(5) In order to test the feasibility of K-TIG for joining dissimilar materials, in-depth 
investigation into dissimilar joint between AISI 316L and SAF 2205 stainless steel was 
conducted. The results show that in order to produce defect free dissimilar joint, the 
torch deviation should be kept at 0 to 1mm towards AISI316L side. The austenite 
fraction increased with torch deviation shifted from SAF2205 side to AISI316L side, 
along with variation in ferrite morphology from massive type to lath shape.  Defect free 
joints possess better tensile properties than AISI316L base metal, indicating sufficient 
strength level for such dissimilar joint. Poorer toughness of the samples with 1mm torch 
deviation towards SAF2205 side and 2mm deviation towards 316L side is a result of 
imbalanced phase structure, ferritic-austenitic solidification mode as well as harmful 
precipitates in the weld. It is recommended that 0-1mm torch deviation towards 316L 




9.2 Future perspective 
 
(1) Being different from conventional fusion welding process, K-TIG is a relatively new 
keyhole welding process for which surface tension is an important parameter in forming 
the weld pool and maintaining a stable keyhole. As already discovered in this thesis that 
the operating window for armour grade Q&T steel is very narrow (60A) even under 
back purging condition, which is a result of its high thermal conductivity. Thus, 
adaptive on-line control strategy is needed to guarantee the process stability. The system 
is expected to include: 
 
a. The ability to compensate for changing conditions during welding, such as workpiece 
thickness, fit-up and surface condition. 
 
 b. An adaptive mechanism for reliable keyhole formation while avoiding weld pool 
collapse due to excessive heat input and arc pressure at high current, particularly for 
thicker sections. 
 
c. An integrated method of process monitoring that provides a measure of weld quality 
and also adaptive control effort, the latter being useful for indicating variations in the 
overall manufacturing process. 
 
 (2) As already mentioned in literature part, K-TIG welding process relies solely on the 
arc pressure to open and maintain the keyhole. Thus, the arc current needed is relatively 
high for medium thickness materials, which results in much higher heat input compared 
with conventional fusion welding processes. The higher the heat input, the slower the 
cooling rate and the larger the grain size in the WM region. Since grain size plays an 
important role in determining material properties, it is necessary to reduce the heat input 
to refinement the grain size while not sacrificing arc pressure required to maintain the 
keyhole.  
 
(3) Although desired combination of hardness and toughness was acquired by using 
austenitic interlayer, in order for K-TIG welded armour grade Q&T weld to be used in 
real fabrication, other properties need to be tested, including ballistic performance, 
HICC, residual stress level, fatigue properties and suitable preheating procedure.  
150 
 
References   
 
[1] A. Samuelsson, F. Schröter, Chapter 5.1-Production Processes, Mechanical and 
Chernical Properties, Fabrication Properties, Use and application of high performance 
steels for steel structures, Internatioan Association for Bridg and Structural engineering 
(IABSE), 2005. 
[2] R. Willms, High strength steel for steel constructions, Nordic Steel Construction 
Conference-NSCC, 2009, pp. 597-604. 
[3] M. Shome, M. Tumuluru, Welding and joining of advanced high strength steels 
(AHSS), Elsevier, Oxford, 2015. 
[4] G. Rosier, J. Croll, High strength quenched and tempered steels in structures, Steel 
construction, 21 (1987) 2-13. 
[5] V.N. Nikitin, S.I. Kiselev, T.N. Popova, V.M. Maslyuk, V.Y. Kolesnikov, New 
Weldable High-Strength Wear-Resistant Steel with a Minimum Tensile Strength of 
1050 N/mm2, Metallurgist, 49 (2005) 18-20. 
[6] R. Datta, D. Mukerjee, S. Jha, K. Narasimhan, R. Veeraraghavan, Weldability 
characteristics of shielded metal arc welded high strength quenched and tempered plates, 
Journal of Materials Engineering and Performance, 11 (2002) 5-10. 
[7] G. Krauss, Martensite in steel: strength and structure, Materials Science and 
Engineering: A, 273-275 (1999) 40-57. 
[8] T. Furuhara, K. Kobayashi, T. Maki, Control of Cementite Precipitation in Lath 
Martensite by Rapid Heating and Tempering, ISIJ International, 44 (2004) 1937-1944. 
[9] G. Krauss, Chapter 5-Tempering of martensite in carbon steels, Phase 
Transformations in Steels, Woodhead Publishing Limited, Cambridge, 2012. 
[10] K. Jack, Structural transformations in the tempering of high-carbon martensitic 
steels, Journal of the Iron and Steel Institute, 169 (1951) 26-36. 
[11] M. Hillert, The kinetics of the first stage of tempering, Acta Metallurgica, 7 (1959) 
653-658. 
[12] G. Speich, W. Leslie, Tempering of steel, Metallurgical and Materials Transactions 
B, 3 (1972) 1043-1054. 
[13] S. Okamoto, Strain rate and temperature effects on deformation behavior and 
mechanical properties of as-quenched low-carbon martensite, Doctor of Philosophy 
Thesis, Colorado School of Mines, 1990. 
151 
 
[14] G. Thomas, Retained austenite and tempered martensite embrittlement, 
Metallurgical and Materials Transactions A, 9 (1978) 439-450. 
[15] R.A. Oriani, Ostwald ripening of precipitates in solid matrices, Acta Metallurgica, 
12 (1964) 1399-1409. 
[16] A.B. Gingell, H.H. Bhadeshia, D. Jones, K.A. Mawella, Carbide precipitation in 
some secondary hardened steels, Journal of Materials Science, 32 (1997) 4815-4820. 
[17] D.C. Saha, Kinetics of Carbide Precipitation during Laser Beam Welding of Dual-
Phase and Martensitic Steels, Doctor of Philosophy Thesis, University of Waterloo, 
2016. 
[18] H.K.D.H. Bhadeshia, R. Honeycombe, Steels: microstructure and properties, 3rd 
ed., Butterworth-Heinemann, Oxford, 2006. 
[19] G.A. Roberts, R. Kennedy, G. Krauss, Tool steels, ASM international, Materials 
Park, Ohio, 1998. 
[20] AS/NZS1554.4: Structural steel welding – Welding of high strength quenched and 
tempered steels, Standards Australia and Standards New Zealand, 2014. 
[21] WTIA Technical Note No.15 - Welding & fabrication of quenched and tempered 
steel , Welding Technology Institue of Australia (WTIA), 2017. 
[22] L. Kuzmikova, An Investigation of the weldability of high hardness armour steels, 
Doctor of Philosophy Thesis, University of Wollongong, 2013. 
[23] R.P.S. Sisodia, M. Gáspár, Physical Simulation-Based Characterization of HAZ 
Properties in Steels. Part 1. High-Strength Steels and Their Hardness Profiling, Strength 
of Materials, 51 (2019) 490-499. 
[24] G.M. Reddy, T. Mohandas, K. Papukutty, Effect of welding process on the ballistic 
performance of high-strength low-alloy steel weldments, Journal of Materials 
Processing Technology, 74 (1998) 27-35. 
[25] T. Mohandas, G.M. Reddy, B.S. Kumar, Heat-affected zone softening in high-
strength low-alloy steels, Journal of Materials Processing Technology, 88 (1999) 284-
294. 
[26] G. Magudeeswaran, V. Balasubramanian, G.M. Reddy, Hydrogen induced cold 
cracking studies on armour grade high strength, quenched and tempered steel 
weldments, International Journal of Hydrogen Energy, 33 (2008) 1897-1908. 
[27] L. Kuzmikova, J. Norrish, H. Li, M. Callaghan, Research to establish a systematic 
approach to safe welding procedure development using austenitic filler material for 
152 
 
fabrication of high strength steel, 16th International Conference on the joining of 
materials, 2011, pp. 1-13. 
[28] N. Yurioka, H. Suzuki, Hydrogen assisted cracking in C-Mn and low alloy steel 
weldments, International Materials Reviews, 35 (1990) 217-249. 
[29] G. Magudeeswaran, V. Balasubramanian, G.M. Reddy, Cold cracking of flux cored 
arc welded armour grade high strength steel weldments, Journal of Materials Science & 
Technology, 25 (2009) 516-526. 
[30] S. Alkemade, The Weld Cracking Susceptibility of High Hardness Armour Steel, 
Defense Science and Technology Organization, Australia, AR No: 009-659, (1996) 1-
17. 
[31] G. Magudeeswaran, V. Balasubramanian, G. Madhusudhan Reddy, Effect of 
welding consumables on hydrogen induced cracking of armour grade quenched and 
tempered steel welds, Ironmaking & Steelmaking, 35 (2008) 549-560. 
[32] G. Magudeeswaran, V. Balasubramanian, T. Balasubramanian, G.M. Reddy, Effect 
of welding consumables on tensile and impact properties of shielded metal arc welded 
high strength, quenched and tempered steel joints, Science and Technology of Welding 
and Joining, 13 (2008) 97-105. 
[33] G. Magudeeswaran, V. Balasubramanian, G.M. Reddy, Effect of welding processes 
and consumables on high cycle fatigue life of high strength, quenched and tempered 
steel joints, Materials & Design, 29 (2008) 1821-1827. 
[34] G. Magudeeswaran, V. Balasubramanian, S. Sathyanarayanan, G.M. Reddy, A. 
Moitra, S. Venugopal, G. Sasikala, Dynamic fracture toughness of armour grade 
quenched and tempered steel joints fabricated using low hydrogen ferritic fillers, 
Journal of Iron and Steel Research, International, 17 (2010) 51-56. 
[35] N. Krishna Murthy, G.D. Janaki Ram, B.S. Murty, G.M. Reddy, T.J.P. Rao, 
Carbide-Free Bainitic Weld Metal: A New Concept in Welding of Armor Steels, 
Metallurgical and Materials Transactions B, 45 (2014) 2327-2337. 
[36] A. Pramanick, H. Das, G. Reddy, M. Ghosh, S. Nandy, T. Pal, Effect of Bainitic 
Microstructure on Ballistic Performance of Armour Steel Weld Metal Using Developed 
High Ni-Coated Electrode, Journal of Materials Engineering and Performance, 27 (2018) 
2110-2123. 
[37] G.M. Reddy, T. Mohandas, K. Papukutty, Enhancement of ballistic capabilities of 




[38] M. Balakrishnan, V. Balasubramanian, G.M. Reddy, K. Sivakumar, Effect of 
buttering and hardfacing on ballistic performance of shielded metal arc welded armour 
steel joints, Materials & Design, 32 (2011) 469-479. 
[39] M. Balakrishnan, V. Balasubramanian, G.M. Reddy, Effect of joint design on 
ballistic performance of quenched and tempered steel welded joints, Materials & Design, 
54 (2014) 616-623. 
[40] M. Balakrishnan, V. Balasubramanian, G.M. Reddy, Effect of Hardfaced Interlayer 
Thickness and Low Hydrogen Ferritic Capping on Ballistic Performance of Shielded 
Metal Arc Welded Armour Steel Joints, Journal of Iron and Steel Research, 
International, 20 (2013) 82-91. 
[41] M. Balakrishnan, V. Balasubramanian, G.M. Reddy, Effect of hardfaced interlayer 
thickness on ballistic performance of armour steel welds, Materials & Design, 44 (2013) 
59-68. 
[42] A.-M. El-Batahgy, T. Miura, R. Ueji, H. Fujii, Investigation into feasibility of FSW 
process for welding 1600MPa quenched and tempered steel, Materials Science and 
Engineering A, 651 (2016) 904-913. 
[43] C. Luo, Y. Cao, Y. Zhao, J. Shan, Fiber laser welding of 1700-MPa, ultrahigh-
strength steel, Welding Journal, 97 (2018) 214s-228s. 
[44] P. Hansson, M. Areskoug, Possibilities with Use of Electron Beam Welding of 
Very High Strength Steel,  Materials Science Forum, 941 (2018) 443-452. 
[45] E. Goncalves Assuncao, Investigation of conduction to keyhole mode transition, 
Doctor of Philisophy thesis, Cranfield University, 2012. 
[46] B.L. Jarvis, Keyhole gas tungsten arc welding: a new process variant, Doctor of 
Philosophy Thesis, University of Wollongong, 2001. 
[47] J.F. Lancaster, The physics of welding, 2nd ed., Pergamon Press, Oxford, 1986. 
[48] J. Norrish, Advanced welding processes, Institute of Physics Publishing, Bristol, 
1992. 
[49] M.S. Węglowski, S. Błacha, A. Phillips, Electron beam welding–Techniques and 
trends–Review, Vacuum, 130 (2016) 72-92. 
[50] C. Rosellini, L. Jarvis, The keyhole TIG welding process: a valid alternative for 
valuable metal joints, Welding International, 23 (2009) 616-621. 
[51] B.L. Jarvis, N.U. Ahmed, Development of keyhole mode gas tungsten arc welding 
process, Science and Technology of Welding and Joining, 5 (2000) 1-7. 
154 
 
[52] M. Schnick, J.E. Fuentes, J. Zschetzsche, U. Füssel, H. Schuster, V. Krink, M. 
Huebner, M. Szczesny, Cathode focussed TIG-fundamentals and applications, 63rd 
International Conference of the International Institute of Welding (IIW), 2010, pp. 11-
17. 
[53] P. Le Port, M. Laugier, F. Scandella, D. Lawrjaniec, C. Boucher, K-GTAW 
process: A new welding technology combining quality and productivity, Welding 
International, 21 (2007) 430-441. 
[54] J. Converti, Plasma-jets in arc welding, Doctor of Philosophy Thesis, 
Massachusetts Institute of Technology, 1981. 
[55] S. Rokhlin, A. Guu, A study of arc force, pool depression, and weld penetration 
during gas tungsten arc welding, Welding Journal, 72 (1993) 381s-390s. 
[56] B. Aalderink, D.F. de Lange, R. Aarts, J. Meijer, Keyhole shapes during laser 
welding of thin metal sheets, Journal of Physics D: Applied Physics, 40 (2007) 5388-
5393. 
[57] S. Lathabai, B.L. Jarvis, K.J. Barton, Comparison of keyhole and conventional gas 
tungsten arc welds in commercially pure titanium, Materials Science and Engineering: 
A, 299 (2001) 81-93. 
[58] A. Wells, Heat flow in welding, Welding Journal, 31 (1952) 263s-267s. 
[59] K. Baughn, N. Ahmed, L. Jarvis, D. Viano, Tailoring the phase balance during 
laser and GTA keyhole welding of SAF 2205 duplex stainless steel, Proceedings of 6th 
International Conference Trends in Welding Research, 2003, pp. 11-16. 
[60] A.M. Sales, E.M. Westin, B.L. Jarvis, Effect of nitrogen in shielding gas of 
keyhole GTAW on properties of duplex and superduplex welds, Welding in the World, 
61 (2017) 1133-1140. 
[61] M. Lohse, U. Fussel, H. Schuster, J. Friedel, M. Schnick, Keyhole welding with 
CF-TIG (cathode focussed GTA), Welding in the World, 57 (2013) 735-741. 
[62] Y. Feng, Z. Luo, Z. Liu, Y. Li, Y. Luo, Y. Huang, Keyhole gas tungsten arc 
welding of AISI 316L stainless steel, Materials & Design, 85 (2015) 24-31. 
[63] S. Cui, Y. Shi, K. Sun, S. Gu, Microstructure evolution and mechanical properties 
of keyhole deep penetration TIG welds of S32101 duplex stainless steel, Materials 
Science and Engineering: A, 709 (2018) 214-222. 
[64] Y. Shi, S. Cui, T. Zhu, S. Gu, X. Shen, Microstructure and intergranular corrosion 
behavior of HAZ in DP-TIG welded DSS joints, Journal of Materials Processing 
Technology, 256 (2018) 254-261. 
155 
 
[65] S. Cui, Y. Shi, Y. Cui, T. Zhu, The impact toughness of novel keyhole TIG welded 
duplex stainless steel joints, Engineering Failure Analysis, 94 (2018) 226-231. 
[66] S. Lathabai, K. Barton, L. Green, V. Tyagi, Microstructure and Mechanical 
Properties of Keyhole Gas Tungsten Arc Welds in Titanium and Titanium Alloys, 
Proceedings of the 7th International Conference on Trends in Welding Research, 2005, 
pp. 711-716. 
[67] S. Lathabai, B. Jarvis, K. Barton, Keyhole gas tungsten arc welding of 
commercially pure zirconium, Science and Technology of Welding and Joining, 13 
(2008) 573-581. 
[68] Y. Fang, Z. Liu, S. Cui, Y. Zhang, J. Qiu, Z. Luo, Improving Q345 weld 
microstructure and mechanical properties with high frequency current arc in keyhole 
mode TIG welding, Journal of Materials Processing Technology, 250 (2017) 280-288. 
[69] Z. Liu, S. Chen, X. Yuan, A. Zuo, T. Zhang, Z. Luo, Magnetic-enhanced keyhole 
TIG welding process, The International Journal of Advanced Manufacturing 
Technology, 99 (2018) 275-285. 
[70] S. Liu, Z. Liu, X. Zhao, X. Fan, Influence of cusp magnetic field configuration on 
K-TIG welding arc penetration behavior, Journal of Manufacturing Processes, 53 (2020) 
229-237. 
[71] W. Fan, S. Ao, Y. Huang, W. Liu, Y. Li, Y. Feng, Z. Luo, B. Wu, Water cooling 
keyhole gas tungsten arc welding of HSLA steel, The International Journal of Advanced 
Manufacturing Technology, 92 (2017) 2207-2216. 
[72] Z. Liu, Y. Fang, S. Cui, Z. Luo, W. Liu, Z. Liu, Q. Jiang, S. Yi, Stable keyhole 
welding process with K-TIG, Journal of Materials Processing Technology, 238 (2016) 
65-72. 
[73] Z. Liu, Y. Fang, S. Cui, S. Yi, J. Qiu, Q. Jiang, W. Liu, Z. Luo, Keyhole thermal 
behavior in GTAW welding process, International Journal of Thermal Sciences, 114 
(2017) 352-362. 
[74] Z. Liu, Y. Fang, S. Cui, S. Yi, J. Qiu, Q. Jiang, W. Liu, Z. Luo, Sustaining the open 
keyhole in slow-falling current edge during K-TIG process: Principle and parameters, 
International Journal of Heat and Mass Transfer, 112 (2017) 255-266. 
[75] Z. Liu, S. Chen, S. Liu, Z. Luo, J. Yuan, Keyhole dynamic thermal behaviour in K-




[76] T. Zhu, Y. Shi, S. Cui, Y. Cui, Recognition of Weld Penetration During K-TIG 
Welding Based on Acoustic and Visual Sensing, Sensing and Imaging, 20 (2019) 3. 
[77] Y. Cui, Y. Shi, X. Hong, Analysis of the frequency features of arc voltage and its 
application to the recognition of welding penetration in K-TIG welding, Journal of 
Manufacturing Processes, 46 (2019) 225-233. 
[78] A. Moteshakker, I. Danaee, S. Moeinifar, A. Ashrafi, Hardness and tensile 
properties of dissimilar welds joints between SAF 2205 and AISI 316L, Science and 
Technology of Welding and Joining, 21 (2016) 17-26. 
[79] J. Verma, R.V. Taiwade, Dissimilar welding behavior of 22% Cr series stainless 
steel with 316L and its corrosion resistance in modified aggressive environment, Journal 
of Manufacturing Processes, 24 (2016) 1-10. 
[80] B. Deng, Y. Jiang, J. Gong, C. Zhong, J. Gao, J. Li, Critical pitting and 
repassivation temperatures for duplex stainless steel in chloride solutions, 
Electrochimica Acta, 53 (2008) 5220-5225. 
[81] L. Chen, X. Ma, X. Liu, L. Wang, Processing map for hot working characteristics 
of a wrought 2205 duplex stainless steel, Materials & Design, 32 (2011) 1292-1297. 
[82] I. Alvarez-Armas, U. Krupp, M. Balbi, S. Hereñú, M.C. Marinelli, H. Knobbe, 
Growth of short cracks during low and high cycle fatigue in a duplex stainless steel, 
International Journal of Fatigue, 41 (2012) 95-100. 
[83] R. Neissi, M. Shamanian, M. Hajihashemi, The Effect of Constant and Pulsed 
Current Gas Tungsten Arc Welding on Joint Properties of 2205 Duplex Stainless Steel 
to 316L Austenitic Stainless Steel, Journal of Materials Engineering and Performance, 
25 (2016) 2017-2028. 
[84] K. Yıldızlı, Investigation on the microstructure and toughness properties of 
austenitic and duplex stainless steels weldments under cryogenic conditions, Materials 
& Design, 77 (2015) 83-94. 
[85] J. Labanowski, Stress corrosion cracking susceptibility of dissimilar stainless steels 
welded joints, Journal of Achievements in Materials and Manufacturing Engineering, 20 
(2007) 255-258. 
[86] M. Rahmani, A. Eghlimi, M. Shamanian, Evaluation of Microstructure and 
Mechanical Properties in Dissimilar Austenitic/Super Duplex Stainless Steel Joint, 
Journal of Materials Engineering and Performance, 23 (2014) 3745-3753. 
[87] A. Eghlimi, M. Shamanian, M. Eskandarian, A. Zabolian, J.A. Szpunar, 
Characterization of microstructure and texture across dissimilar super duplex/austenitic 
157 
 
stainless steel weldment joint by austenitic filler metal, Materials Characterization, 106 
(2015) 208-217. 
[88] K.D. Ramkumar, A. Singh, S. Raghuvanshi, A. Bajpai, T. Solanki, M. Arivarasu, N. 
Arivazhagan, S. Narayanan, Metallurgical and mechanical characterization of dissimilar 
welds of austenitic stainless steel and super-duplex stainless steel–a comparative study, 
Journal of Manufacturing Processes, 19 (2015) 212-232. 
[89] A. Moteshakker, I. Danaee, Microstructure and Corrosion Resistance of Dissimilar 
Weld-Joints between Duplex Stainless Steel 2205 and Austenitic Stainless Steel 316L, 
Journal of Materials Science & Technology, 32 (2016) 282-290. 
[90] N. Kumar, A. Kumar, A. Gupta, A.D. Gaikwad, R.K. Khatirkar, Gas Tungsten Arc 
Welding of 316L Austenitic Stainless Steel with UNS S32205 Duplex Stainless Steel, 
Transactions of the Indian Institute of Metals, 71 (2018) 361-372. 
[91] A.V. Jebaraj, T.S. Kumar, M. Manikandan, Investigation of Structure Property 
Relationship of the Dissimilar Weld Between Austenitic Stainless Steel 316L and 
Duplex Stainless Steel 2205, Transactions of the Indian Institute of Metals, 71 (2018) 
2593-2604. 
[92] A. Abdollahi, M. Shamanian, M.A. Golozar, Comparison of pulsed and continuous 
current gas tungsten arc welding in dissimilar welding between UNS S32750 and AISI 
321 in optimized condition, International Journal of Advanced Manufacturing 
Technology, 97 (2018) 687-696. 
[93] R. Kumar, A. Bhattacharya, T.K. Bera, Mechanical and Metallurgical Studies in 
Double Shielded GMAW of Dissimilar Stainless Steels, Materials and Manufacturing 
Processes, 30 (2015) 1146-1153. 
[94] J. Verma, R.V. Taiwade, Effect of Austenitic and Austeno-Ferritic Electrodes on 
2205 Duplex and 316L Austenitic Stainless Steel Dissimilar Welds, Journal of Materials 
Engineering and Performance, 25 (2016) 4706-4717. 
[95] J. Verma, R.V. Taiwade, R.K. Khatirkar, S.G. Sapate, A.D. Gaikwad, 
Microstructure, Mechanical and Intergranular Corrosion Behavior of Dissimilar DSS 
2205 and ASS 316L Shielded Metal Arc Welds, Transactions of the Indian Institute of 
Metals, 70 (2017) 225-237. 
[96] K.D. Ramkumar, A. Bajpai, S. Raghuvanshi, A. Singh, A. Chandrasekhar, M. 
Arivarasu, N. Arivazhagan, Investigations on structure–property relationships of 
activated flux TIG weldments of super-duplex/austenitic stainless steels, Materials 
Science and Engineering: A, 638 (2015) 60-68. 
158 
 
[97] K.-H. Tseng, C.-Y. Hsu, Performance of activated TIG process in austenitic 
stainless steel welds, Journal of Materials Processing Technology, 211 (2011) 503-512. 
[98] T.-S. Chern, K.-H. Tseng, H.-L. Tsai, Study of the characteristics of duplex 
stainless steel activated tungsten inert gas welds, Materials & Design, 32 (2011) 255-
263. 
[99] S.P. Lu, M.P. Qin, W.C. Dong, Highly efficient TIG welding of Cr13Ni5Mo 
martensitic stainless steel, Journal of Materials Processing Technology, 213 (2013) 229-
237. 
[100] G. Ridha Mohammed, M. Ishak, S. Ahmad, H. Abdulhadi, Fiber laser welding of 
dissimilar 2205/304 stainless steel plates, Metals., 7 (2017) 546. 
[101] S.K. Albert, C.R. Das, S. Sam, P. Mastanaiah, M. Patel, A.K. Bhaduri, T. 
Jayakumar, C.V.S. Murthy, R. Kumar, Mechanical properties of similar and dissimilar 
weldments of RAFMS and AISI 316L (N) SS prepared by electron beam welding 
process, Fusion Engineering and Design, 89 (2014) 1605-1610. 
[102] P. Dominic, H. Li, K-TIG welding of peritectic steels, in:  IIW document, 2016. 
[103] I. Eriksson, J. Powell, A.F.H. Kaplan, Measurements of fluid flow on keyhole 
front during laser welding, Science and Technology of Welding and Joining, 16 (2011) 
636-641. 
[104] M. Tomsic, C. Jackson, Energy distribution in keyhole mode plasma arc welds, 
Welding Journal, 53 (1974) 109s-115s. 
[105] Z. Liu, C. Wu, S. Cui, Z. Luo, Correlation of keyhole exit deviation distance and 
weld pool thermo-state in plasma arc welding process, International Journal of Heat and 
Mass Transfer, 104 (2017) 310-317. 
[106] Z. Liu, C. Wu, Y. Liu, Z. Luo, Keyhole behaviors influence weld defects in 
plasma arc welding process, Welding Journal, 94 (2015) 281-290. 
[107] M. Ushio, M. Tanaka, J.J. Lowke, Anode melting from free-burning argon arcs, 
IEEE transactions on Plasma Science, 32 (2004) 108-117. 
[108] W. Dong, S. Lu, D. Li, Y. Li, GTAW liquid pool convections and the weld shape 
variations under helium gas shielding, International Journal of Heat and Mass Transfer, 
54 (2011) 1420-1431. 
[109] Y. Miao, X. Xu, B. Wu, X. Li, D. Han, Effects of bypass current on the stability 
of weld pool during double sided arc welding, Journal of Materials Processing 
Technology, 214 (2014) 1590-1596. 
159 
 
[110] M. Wu, R. Xin, Y. Wang, Y. Zhou, K. Wang, Q. Liu, Microstructure, texture and 
mechanical properties of commercial high-purity thick titanium plates jointed by 
electron beam welding, Materials Science and Engineering A, 677 (2016) 50-57. 
[111] G. Thewlis, Classification and quantification of microstructures in steels, 
Materials Science and Technology, 20 (2004) 143-160. 
[112] Y. Zhou, T. Jia, X. Zhang, Z. Liu, R.D.K. Misra, Investigation on tempering of 
granular bainite in an offshore platform steel, Materials Science and Engineering A, 626 
(2015) 352-361. 
[113] S.-l. Long, Y.-l. Liang, Y. Jiang, Y. Liang, M. Yang, Y.-l. Yi, Effect of quenching 
temperature on martensite multi-level microstructures and properties of strength and 
toughness in 20CrNi2Mo steel, Materials Science and Engineering A, 676 (2016) 38-47. 
[114] V.L. Manugula, K.V. Rajulapati, G. Madhusudhan Reddy, R. Mythili, K. Bhanu 
Sankara Rao, A critical assessment of the microstructure and mechanical properties of 
friction stir welded reduced activation ferritic–martensitic steel, Materials & Design, 92 
(2016) 200-212. 
[115] D.P. Dunne, W. Pang, Displaced hardness peak phenomenon in heat-affected 
zone of welded quenched and tempered EM812 steel, Welding in the World, 61 (2017) 
57-67. 
[116] V.B. Hernandez, S. Nayak, Y. Zhou, Tempering of martensite in dual-phase steels 
and its effects on softening behavior, Metallurgical and Materials Transactions A, 42 
(2011) 3115-3129. 
[117] D.C. Saha, E. Biro, A.P. Gerlich, Y. Zhou, Effects of tempering mode on the 
structural changes of martensite, Materials Science and Engineering A, 673 (2016) 467-
475. 
[118] J. Unfried S, C.M. Garzón, J.E. Giraldo, Numerical and experimental analysis of 
microstructure evolution during arc welding in armor plate steels, Journal of Materials 
Processing Technology, 209 (2009) 1688-1700. 
[119] C.-M. Lin, C.-H. Lu, Effects of tempering temperature on microstructural 
evolution and mechanical properties of high-strength low-alloy D6AC plasma arc welds, 
Materials Science and Engineering A, 676 (2016) 28-37. 
[120] J. Dong, X. Zhou, Y. Liu, C. Li, C. Liu, Q. Guo, Carbide precipitation in Nb-V-Ti 
microalloyed ultra-high strength steel during tempering, Materials Science and 
Engineering A, 683 (2017) 215-226. 
160 
 
[121] G. Magudeeswaran, V. Balasubramanian, G. Madhusudhan Reddy, Effect of 
welding processes and consumables on fatigue crack growth behaviour of armour grade 
quenched and tempered steel joints, Defence Technology, 10 (2014) 47-59. 
[122] S. Wei, G. Wang, J. Yu, Y. Rong, Competitive failure analysis on tensile fracture 
of laser-deposited material for martensitic stainless steel, Materials & Design, 118 
(2017) 1-10. 
[123] P. Tao, H. Yu, Y. Fan, Y. Fu, Effects of cooling method after intercritical heat 
treatment on microstructural characteristics and mechanical properties of as-cast high-
strength low-alloy steel, Materials & Design, 54 (2014) 914-923. 
[124] J.H. Chen, R. Cao, Chapter 1 - Introduction, Micromechanism of Cleavage 
Fracture of Metals, Butterworth-Heinemann, Boston, 2015. 
[125] L. Lan, C. Qiu, D. Zhao, X. Gao, L. Du, Microstructural characteristics and 
toughness of the simulated coarse grained heat affected zone of high strength low 
carbon bainitic steel, Materials Science and Engineering: A, 529 (2011) 192-200. 
[126] Y. Shi, Z. Han, Effect of weld thermal cycle on microstructure and fracture 
toughness of simulated heat-affected zone for a 800MPa grade high strength low alloy 
steel, Journal of Materials Processing Technology, 207 (2008) 30-39. 
[127] A. Martin-Meizoso, I. Ocana-Arizcorreta, J. Gil-Sevillano, M. Fuentes-Pérez, 
Modelling cleavage fracture of bainitic steels, Acta Metallurgica et Materialia, 42 (1994) 
2057-2068. 
[128] A. Lambert-Perlade, A.-F. Gourgues, J. Besson, T. Sturel, A. Pineau, Mechanisms 
and modeling of cleavage fracture in simulated heat-affected zone microstructures of a 
high-strength low alloy steel, Metallurgical and Materials Transactions A, 35 (2004) 
1039-1053. 
[129] A. Lambert, X. Garat, T. Sturel, A. Gourgues, A. Gingell, Application of acoustic 
emission to the study of cleavage fracture mechanism in a HSLA steel, Scripta 
Materialia, 43 (2000) 161-166. 
[130] J. Hu, L.-X. Du, J.-J. Wang, C.-R. Gao, Effect of welding heat input on 
microstructures and toughness in simulated CGHAZ of V–N high strength steel, 
Materials Science and Engineering A, 577 (2013) 161-168. 
[131] H. Kitahara, R. Ueji, N. Tsuji, Y. Minamino, Crystallographic features of lath 
martensite in low-carbon steel, Acta Materialia, 54 (2006) 1279-1288. 
161 
 
[132] A. Lambert-Perlade, A.F. Gourgues, A. Pineau, Austenite to bainite phase 
transformation in the heat-affected zone of a high strength low alloy steel, Acta 
Materialia, 52 (2004) 2337-2348. 
[133] Z. Zhu, Structure property correlation in the weld HAZ of high strength line pipe 
steel, Doctor of Philosophy Thesis, University of Wollongong, 2013. 
[134] T. Kasuya, N. Yurioka, Carbon Equivalent and Multiplying Factor for 
Hardenability of Steel, Welding Journal, 72 (1993) S263-S268. 
[135] B. Yudodibroto, Liquid metal oscillation and arc behaviour during welding. 
Doctor of Philosophy Thesis, Delft University of Technology, 2010. 
[136] T. Li, C. Wu, Numerical simulation of plasma arc welding with keyhole-
dependent heat source and arc pressure distribution, The International Journal of 
Advanced Manufacturing Technology, 78 (2015) 593-602. 
[137] K. Narita, K. Takagi, T. Kimura, A. Mitsui, Plasma arc welding of pipelines: a 
study to optimise welding conditions for horizontal fixed joints of mild steel pipes, 
International Journal of Pressure Vessels and Piping, 3 (1975) 233-266. 
[138] J.H. Waszink, Experimental investigation of the forces acting on a drop of weld 
metal, Welding Journal, 62 (1983) 108s-116s. 
[139] F. Lago, J. Gonzalez, P. Freton, A. Gleizes, A numerical modelling of an electric 
arc and its interaction with the anode: Part I. The two-dimensional model, Journal of 
Physics D: Applied Physics, 37 (2004) 883-897. 
[140] F. Ding, H. Zi-Cheng, H. Jian-Kang, W. Xin-Xin, H. Yong, Three-dimensional 
numerical analysis of interaction between arc and pool by considering the behavior of 
the metal vapor in tungsten inert gas welding, Acta Physica Sinica, 64 (2015) 1-11. 
[141] A.K. Pramanick, H. Das, G.M. Reddy, M. Ghosh, G. Das, S. Nandy, T.K. Pal, 
Development and design of microstructure based coated electrode for ballistic 
performance of shielded metal arc welded armour steel joints, Materials & Design, 103 
(2016) 52-62. 
[142] Y. Zhou, T. Jia, X. Zhang, Z. Liu, R. Misra, Microstructure and toughness of the 
CGHAZ of an offshore platform steel, Journal of Materials Processing Technology, 219 
(2015) 314-320. 
[143] T. Zhou, H. Yu, S. Wang, Effect of microstructural types on toughness and 
microstructural optimization of ultra-heavy steel plate: EBSD analysis and microscopic 
fracture mechanism, Materials Science and Engineering: A, 658 (2016) 150-158. 
162 
 
[144] S. Cui, Z. Liu, Y. Fang, Z. Luo, S.M. Manladan, S. Yi, Keyhole process in K-TIG 
welding on 4mm thick 304 stainless steel, Journal of Materials Processing Technology, 
243 (2017) 217-228. 
[145] V. Kujanpää, S. David, C. White, Formation of hot cracks in austenitic stainless 
steel welds–solidification cracking, Welding Journal, 65 (1986) 203s-212s. 
[146] A.K. Pramanick, H. Das, G. Reddy, M. Ghosh, G. Das, S. Nandy, T. Pal, 
Development and design of microstructure based coated electrode for ballistic 
performance of shielded metal arc welded armour steel joints, Materials & Design, 103 
(2016) 52-62. 
[147] T. Sourmail, V. Smanio, Low temperature kinetics of bainite formation in high 
carbon steels, Acta Materialia, 61 (2013) 2639-2648. 
[148] Y. Song, D. Ping, F. Yin, X. Li, Y. Li, Microstructural evolution and low 
temperature impact toughness of a Fe–13% Cr–4% Ni–Mo martensitic stainless steel, 
Materials Science and Engineering: A, 527 (2010) 614-618. 
[149] M. Michiuchi, S. Nambu, Y. Ishimoto, J. Inoue, T. Koseki, Relationship between 
local deformation behavior and crystallographic features of as-quenched lath martensite 
during uniaxial tensile deformation, Acta Materialia, 57 (2009) 5283-5291. 
[150] B. Hutchinson, J. Hagström, O. Karlsson, D. Lindell, M. Tornberg, F. Lindberg, 
M. Thuvander, Microstructures and hardness of as-quenched martensites (0.1–0.5% C), 
Acta Materialia, 59 (2011) 5845-5858. 
[151] K. Macek, P. Lukáš, J. Janovec, P. Mikula, P. Strunz, M. Vrána, M. Zaffagnini, 
Austenite content and dislocation density in electron-beam welds of a stainless 
maraging steel, Materials Science and Engineering: A, 208 (1996) 131-138. 
[152] C. Wang, M. Wang, J. Shi, W. Hui, H. Dong, Effect of microstructural refinement 
on the toughness of low carbon martensitic steel, Scripta Materialia, 58 (2008) 492-495. 
[153] X. Ma, L. Wang, C. Liu, S. Subramanian, Microstructure and properties of 
13Cr5Ni1Mo0. 025Nb0. 09V0. 06N super martensitic stainless steel, Materials Science 
and Engineering: A, 539 (2012) 271-279. 
[154] L. Morsdorf, O. Jeannin, D. Barbier, M. Mitsuhara, D. Raabe, C.C. Tasan, 
Multiple mechanisms of lath martensite plasticity, Acta Materialia, 121 (2016) 202-214. 
[155] S. Wu, D. Wang, Z. Zhang, C. Li, X. Liu, X. Meng, Z. Feng, X. Di, Mechanical 
properties of low-transformation-temperature weld metals after low-temperature 




[156] S. Ooi, J. Garnham, T. Ramjaun, Low transformation temperature weld filler for 
tensile residual stress reduction, Materials & Design (1980-2015), 56 (2014) 773-781. 
[157] R.P. Reis, D. Souza, A. Scotti, Models to describe plasma jet, arc trajectory and 
arc blow formation in arc welding, Welding in the World, 55 (2011) 24-32. 
[158] V.A. Hosseini, S. Wessman, K. Hurtig, L. Karlsson, Nitrogen loss and effects on 
microstructure in multipass TIG welding of a super duplex stainless steel, Materials & 
Design, 98 (2016) 88-97. 
[159] B. Gideon, L. Ward, G. Biddle, Duplex stainless steel welds and their 
susceptibility to intergranular corrosion, Journal of Minerals and Materials 
Characterization and Engineering, 7 (2008) 247-263. 
[160] N. Suutala, T. Takalo, T. Moisio, Ferritic-Austenitic Solidification Mode in 
Austenitic Stainless-Steel Welds, Metallurgical and Materials Transactions A, 11 (1980) 
717-725. 
[161] S.A. David, Ferrite Morphology and Variations in Ferrite Content in Austenitic 
Stainless-Steel Welds, Welding Journal, 60 (1981) S63-S71. 
[162] Z. Zhang, H. Jing, L. Xu, Y. Han, L. Zhao, Investigation on microstructure 
evolution and properties of duplex stainless steel joint multi-pass welded by using 
different methods, Materials & Design, 109 (2016) 670-685. 
[163] H. Matsunaga, Y.S. Sato, H. Kokawa, T. Kuwana, Effect of nitrogen on corrosion 
of duplex stainless steel weld metal, Science and Technology of Welding and Joining, 3 
(1998) 225-232. 
[164] D.H. Kang, H.W. Lee, Effect of Different Chromium Additions on the 
Microstructure and Mechanical Properties of Multipass Weld Joint of Duplex Stainless 
Steel, Metallurgical and Materials Transactions A, 43 (2012) 4678-4687. 
[165] L. Karlsson, H. Arcini, E.L. Bergquist, J. Weidow, J. Borjesson, Effects of 
Alloying Concepts on Ferrite Morphology and Toughness of Lean Duplex Stainless 
Steel Weld Metals, Welding in the World, 54 (2010) R350-R359. 
 
